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ABSTRACT OF THESIS 
Impact of E-genes on Soybean (Glycine max L. [Merr]) Development, 
Senescence and Yield  
  
 
 Genetic improvement of a number of crops including soybean (Glycine max L. [Merr]) 
has been associated with ‘stay-green’. Research on ‘stay green’ genes has focused primarily on 
genes involved with photosynthesis and chlorophyll degradation.  The current study explores the 
impact of a group of developmental genes, known as the E gene series, on the rate of soybean 
leaf senescence. The objective of this experiment was to determine the role of E-genes in the 
control of leaf senescence in soybean. The experiment was conducted in a split-plot design with 
three replications.  The main plots were two photoperiods imposed following R1; i) natural day 
length (Amb) and ii) incandescent day length extension of 3 hours (Amb+3). The split plots were 
five E-gene near-isogenic lines (NILs), planted on different dates to obtain synchronous 
flowering. Phenology, photosynthesis, normalized difference vegetative index (NDVI) and 
fluorescence measurements were taken including, dark adapted photosynthetic efficiency 
(Fv/Fm), electron transport rate (ETR), and leaf chlorophyll concentration (SPAD). Leaf tissues 
were also analyzed for gene expression patterns among ‘Harosoy’ isolines. Yield parameters like 
dry matter accumulation, harvest index and grain yields were recorded. The leaf net 
photosynthesis was more closely related to ETR than to SPAD values, suggesting that visual 
observation of ‘stay-green’ may not be as effective in evaluating functional senescence as 
measurement of ETR. Cultivars with the dominant E1 allele maintained functional 
photosynthesis for longer, such that full senescence was delayed by 10-15 days in these cultivars. 
This phenomenon was observed under both photoperiod treatments and irrespective of the 
genetic background (‘Clark’ and ‘Harosoy’) in which the alleles appeared. Maintenance of 
functional photosynthesis by the E1 dominant allele can be attributed to maintenance of high 
ETR, and Fv/Fm, as well as delayed decline in leaf chlorophyll concentrations. Expression of 
senescence related genes were delayed in the isoline which had delayed leaf senescence 
phenotype. Consistent with the effect on leaf senescence, the dominant alleles also reduced the 
rate of phenological development, such that R5 occurred later in genotypes with dominant alleles 
and under the Amb+3 treatment. Cultivars with the dominant E1 allele under extended 
photoperiod treatment accumulated more biomass and had decreased apparent harvest index 
which caused no change in grain yields. The dominant E allele may delay leaf senescence 
directly or indirectly, through its delay of reproductive development. 
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Chapter One 
 Review of Literature 
Leaf Senescence 
In general, senescence is an orderly loss of normal cell functions controlled by the 
nucleus. Leaf senescence is a genetically regulated process that occurs at the latter part of leaf 
development and culminates in programmed cell death. The process has been reported to occur 
in an age dependent manner but can be prematurely stimulated by abiotic stresses such as 
drought or heat stress, or delayed by application of growth regulators (Lim et al., 2003). Leaf 
senescence, once induced, occurs as a highly ordered sequential process of disassembly and 
degradation of cellular components.  The products of this degradation are translocated as 
nutrients to storage or reproductive organs.  Thus, although this is a degenerative process, it 
helps remobilize/recycle valuable nutrients to important organs to maintain the reproductive 
“fitness” of monocarpic plants. Leaf senescence may limit yield in certain crops (Gan and 
Amasino, 1997). Leaf senescence is a complex developmental program controlled by several 
genes and pathways (Chandlee, 2001). Nuclear gene expression, which is necessary in leaf 
senescence, can be blocked by inhibitors of RNA and protein synthesis (Gan and Amasino, 
1997). There are overlaps between aging, death, senescence, ripening, post-harvest deterioration, 
hypersensitivity, lesions, chlorosis and necrosis. Few genes are commonly expressed during 
these events (Thomas et al., 2003). Autonomous factors like age, reproductive development and 
phyto-hormone levels initiate leaf senescence. Leaf age has a major influence on the initiation of 
leaf senescence in the absence of external stimuli (Gan and Amasino, 1997). Physiological, 
biochemical, and molecular studies of leaf senescence have shown that leaf cells undergo highly 
coordinated changes in cell structure, metabolism, and gene expression (Gan and Amasino, 
1997).  
 During leaf senescence changes like bleaching of leaves, loss of chlorophyll and changes 
in total protein and RNA content can be observed (Hinderhofer and Zentgraf, 2001). 
Chloroplasts are the first organelles to be targeted for senescence since they contain large 
portions of the nitrogen. The nucleus on the other hand remains intact until the end to accomplish 
the recycling process. Tissues around the vascular system are also the last to senesce to 
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accomplish transport of these nutrients (Gan and Amasino, 1997). The leaf, in its final stages, 
loses its photosynthetic ability, has high respiratory rates and becomes a burden to the plant 
leading to its abscission. Between the induction of leaf senescence and abscission, the resources 
accumulated in the leaf are mobilized to young and growing parts (Biswal and Biswal, 1999). 
 Monocarpy is a single flowering phase followed by senescence and death. It is most 
commonly seen in seed plants such as field crops like soybean (Glycine max, [L.] Merril). 
Monocarpic plants die following their reproductive phase and consequently leaf senescence is 
also impacted by reproductive development. The relationship between plant development and 
leaf senescence is called correlative control of leaf senescence (Gan and Amasino, 1997). The 
main cause of monocarpic leaf senescence is the nutrient exhaustion due to drain and diversion 
from vegetative parts to developing fruits (Nooden, 1980). In annuals, there is an increase in the 
number of leaves entering senescence during flowering and seed development. Leaf senescence 
allows transport of assimilates from the source leaves to the seed sinks (Gan and Amasino, 
1997). Soybean, as a monocarpic plant undergoes rapid leaf senescence coupled with flowering 
and/or fruiting. Soybean is a typical monocarpic plant in which de-podding can delay senescence 
although it may not prevent the decline in photosynthesis and other parameters that are 
associated with senescence (Nooden and Leopold, 1988). In monocarpic plants, a tight 
correlation between the initiation of leaf senescence and development of reproductive organs has 
been observed which is possibly controlled by a coordinated signaling system (Biswal and 
Biswal, 1999).  
 Much work has been carried out in elucidating the genetic mechanism of leaf senescence 
in the model plant Arabidopsis. In Arabidopsis, studies with mutants as well as time course 
studies have revealed a complex of genes with some up-regulated genes called senescence 
associated genes (SAG), and some senescence down-regulated genes (SDG). Considering the 
complexity of the process and the numbers of SAG isolated it is fair to say that many genes are 
involved in leaf senescence. In one study alone 800 cDNA clones representing SAGs were 
isolated (Gepstein et al., 2003). Research on Arabidopsis has revealed a number of potentially 
important SAGs (Buchanan-Wollaston et al., 2003). Some of the SAGs up-regulated during 
senescence encode proteins that are involved in the breakdown of cellular components. These 
include ribonucleases, polyubiquitin proteases, and cell wall hydrolases (Hensel et al., 1993; 
Lohman et al., 1994). WRKY 53, a transcription factor that has been identified as a key factor is 
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expressed in the early stages of leaf senescence in Arabidopsis before the expression of SAG12 
(Hinderhofer and Zentgraf, 2001). A relatively extensive description of the phenomenological 
events of leaf senescence has been illustrated through molecular genetic approaches using 
Arabidopsis. However, little progress has been made in our understanding of the induction and 
regulation of leaf senescence (Chandlee, 2001). Even though specific genes for induction of 
senescence have not been identified, the down regulation of photosynthetic genes has been 
proposed to be the possible signal for up-regulation of SAGs and induction of senescence. Leaf 
senescence is temporally regulated in a coordinated manner (Biswal and Biswal, 1999). 
 Our understanding of the relationship between developmental processes and leaf 
senescence in crop species is increasing. A cause and effect relationship between reproductive 
development and leaf senescence in plants has been postulated for many years (Molisch, 1938). 
Among crop species, soybean specifically shows a marked senescence during seed filling and 
removal of soybean pods will delay leaf senescence (Kumudini et al., 1999).  This has led to 
postulations on various mechanisms of reproductive organ induced leaf senescence (Sinclair and 
deWit, 1976; Lindoo and Nooden, 1977). Much of the work in Arabidopsis has dealt with the 
relationship between chronological leaf age and senescence. This is primarily because in most 
studies of Arabidopsis, no relationship between reproductive development and leaf senescence 
was apparent (Hensel et al., 1993; Buchanan-Wollaston et al., 2003). 
 Studies on delayed leaf senescence in soybean have also met with difficulties. Much of 
this work has been conducted using mutant lines that were ‘stay-green’ phenotypes (Phillips et 
al., 1984; Pierce et al., 1984; Guiamet et al., 1991). Although these mutants successfully 
inhibited one or a few genes that influenced the breakdown of important components of 
photosynthesis, they did not improve either late season photosynthesis or yield under field 
conditions (Phillips et al., 1984; Guiamet et al., 1991; Guiamet and Gianibelli, 1996; Luquez and 
Guiamet, 2001). Failure of many ‘stay-green’ mutants to improve photosynthesis or yield may be 
because delayed leaf senescence is not a trait controlled by one or a few genes. Leaf senescence 
is a complex regulated process and manipulation of this process needs to maintain the integrity 
of the whole process in order to effectively improve yield. 
 In soybean there are two theories to explain the cause of senescence. One of those 
theories states that leaves senesce due to increased demand by the seeds for nutrients and 
cytokinins and the other theory states that the pods produce a killing hormone that travels to the 
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leaves to initiate senescence. Leaves closest to the individual pod or pod cluster receive the 
signal, which always travels downwards within the same orthostichy (a longitudinal rank, or row, 
of leaves along a stem) as the source pods. This senescence signal is believed to travel through 
the phloem. The arrest of vegetative growth, although correlated with monocarpic senescence, 
may not be a primary cause of monocarpic senescence (Nooden and Leopold, 1988). In shaded 
leaves reduced PAR and a decreased red/far-red ratio triggers senescence which suggests that the 
phytochrome signal pathway and photosynthate levels may be involved in triggering the leaf 
senescence program (Gan and Amasino, 1997). Gan and Amasino (1997) also observed that the 
transcripts encoding proteins involved in photosynthesis decrease sharply during senescence. 
 Nooden and Leopold (1988) postulated that the genes which control reproductive 
development also influence monocarpic senescence. They suggested that a single gene change 
that altered the photoperiod or vernalization requirement for flowering will likely influence 
senescence. They based this hypothesis on the single gene change that changed annual sugar beet 
(Beta vulgaris L.) to a biennial as reported by Whaley (1965).  
 Soybean is an important crop plant and elucidating the mechanisms that regulate leaf 
senescence in this crop would be very useful in improving yields. The use of near isogenic lines 
(NIL) that differ in a few alleles can be useful in elucidating the relationship between plant 
development and senescence. It may be possible to discover regulatory genes of leaf senescence 
in soybeans. Genes that control the onset and rate of leaf senescence are also important because 
maintaining functional photosynthesis after anthesis is critical for yield improvements. Studying 
photosynthetic trends in NILs may be helpful for determining the mechanisms that initiate 
senescence. 
Relationship of Senescence and Maturity (E-genes) 
An interesting group of genes characterized in soybean over the last 30 years may prove 
beneficial in studying soybean leaf senescence. The E-genes are a series of loci with two alleles 
at each locus identified by researchers working on photoperiod and light quality studies. They 
are E1 and E2 (Bernard, 1971), E3 (Buzzell, 1971), E4 (Buzzell and Voldeng, 1980), E5 
(McBlain and Bernard, 1987) and E7 (Cober and Voldeng, 2001). E-genes and their interactions 
account for much of the range of maturity and adaptation found among soybean cultivars grown 
worldwide. The dominant alleles at all loci were reported to regulate maturity and confer late 
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maturity and flowering (Buzzell and Voldeng, 1980; McBlain et al., 1987; McBlain and Bernard, 
1987; Cober and Voldeng, 2001).   
 The presence of dominant alleles of maturity genes (E-genes) in soybean increases the 
time to the start of the seed filling period (SFP) and maturity (Curtis et al., 2000). However the 
extent of delay depends on the number and specific E-gene(s) alleles involved and their 
interaction.  
 Different genetic backgrounds may modify the expression of certain maturity genes (Ellis 
et al., 2000). Plants with dominant E-genes exhibit a tall phenotype with increased node number, 
lodging and decreased harvest index. In plants with the dominant E1 alleles start of the SFP and 
maturity are significantly delayed by 15 and 13 days respectively. As the maturity gets delayed 
harvest index decreases, E1 genotypes have delayed maturity and reduced seed size. The E1 gene 
ensures uniformity of the yields under different conditions for example in case of delayed 
planting it stabilizes yields by increasing seed filling rate (SFR) to compensate for a shortened 
seed filling period (SFP) (Curtis et al., 2000).  
 One group of researchers working on photoperiod sensitivity of some of these NILs 
(Clark background) reported that E-genes had a significant impact on leaf area duration (Ellis et 
al., 2000).  Dominant alleles of the lines tested increased leaf area duration.  Furthermore, these 
NILs had a differential response to a post-anthesis long-day photoperiod stimulus.  Leaf area 
duration was delayed in the presence of the dominant allele but was unaffected in the presence of 
the recessive alleles.  It is postulated that the E-genes are likely major regulatory genes that 
regulate plant development (flowering and maturity) and consequently will likely have an 
important role in control of leaf area duration and leaf senescence, a key component of maturity 
in monocarpic plant species.  
 Under field conditions the dominant E1 allele delays flowering by 16 to 23 days (Cober 
et al., 2001) in a study of photoperiod and temperature responses in early-maturing NILs. They 
found that the E3 allele delayed flowering 4 to 5 days and the E4 allele delayed flowering by 1 to 
6 days, where as the E7 allele delayed maturity for 5 days. The effect of E-genes on flowering is 
modulated by photoperiod stimuli. Cober et al (2001) noted that differential flowering response 
among E-gene NILs was only apparent under non-inductive stimuli. 
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Photoperiod and its impact on NILs 
 Under incandescent long day photoperiods dominant E-genes delay time to flowering and 
maturity (Thomas et al., 2003). In soybean, the rate of development is reduced by longer day 
lengths (greater than 12 hours). However sensitivity to photoperiod depends on the genetic 
background of the plants (Summerfield et al., 1998). The rate of development towards flowering 
in soybean is dependent on an inductive phase which is affected by photoperiod and temperature, 
and pre-inductive, and post-inductive phases which are affected by temperature only. Duration of 
the inductive phase in long days is greatly affected by maturity alleles i.e., E1/e1, E2/e2, and E3/ 
e3. Maturity genes also affect photoperiod insensitive phases in soybean. The pre-inductive 
phase is greatly affected with some E-gene combinations. Major maturity genes E1, E2, and E3 
singly (especially E1) or in positive epistatic combinations, affect photoperiod sensitivity and the 
number of cycles required to complete the inductive phase. In the more photoperiod sensitive 
plants the “photoperiod sensitive inductive phase” can be reduced by shortening the day length 
below the critical photoperiod (Upadhyay et al., 1994b). 
E-gene NILs grown under short days show few differences where as crop duration, 
biomass and seed yield increases under long days (Ellis et al., 2000). The dominant alleles at E1, 
E2 and E3 not only increase crop duration in long days but also increase crop growth rate (CGR) 
and radiation use efficiency (RUE) (Ellis et al., 2000). Greater RUE in maturity isolines growing 
under long days resulted from the longer leaf area duration, better distribution and orientation of 
leaves within the canopy (Ellis et al., 2000). Genes that affect flowering due to photoperiod also 
affect, pleiotropically many other traits associated with yield. The E1 genotype has a larger 
canopy of longer duration and greater RUE which increases CGR under long days. The 
combined effects of E2 and E3 are similar to E1 and more over these effects are additive when 
all three dominant alleles are present. Different genetic backgrounds can modify the expression 
of certain maturity genes (Ellis et al., 2000). The response of duration of critical period in 
soybean is affected by the photoperiod and the effects depend on genetic and environmental 
conditions. Seed number per m2 correlates with incident radiation during growth stage R3-R6. 
Exposure of soybean plants to long days promotes node production mainly in branches and 
increased node fertility as greater seed numbers observed . Duration of R3-R6 was increased by 
92% and 43% due to increased photoperiod in MG 5 and MG 4 varieties respectively (Kantolic 
and Slafer, 2001).  
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The E7 locus is closely linked to E1 and T (temperature sensitivity locus) and is 
photoperiod sensitive and confers late flowering and maturity (Cober and Voldeng, 2001a). The 
dominant E7 allele is sensitive to light quality and perceives low R:FR light quality and delays 
flowering and maturity (Cober and Voldeng, 2001b). 
In one of the studies conducted by Phillips et al (1984) on soybean with delayed leaf 
senescence phenotype, seed yields were significantly reduced when compared to normal 
senescent soybean lines. In this study it was shown that leaf senescence is very important for 
maximum seed yields in soybeans. According to Sinclair and de wit (1976) the seed 
development period can be lengthened in order to increase seed yields by increasing root 
nitrogen supply or simply by increasing stored nitrogen within the vegetative plants. Increasing 
only photosynthetic rates without an adequate increase in nitrogen supply would result in 
decreased seed yields because the added photosynthate only causes greater nitrogen demand and 
translocation to the seeds. Hence they concluded that nitrogen supply rates are critical for 
soybean seed yields. 
 Reduced PAR and decreased red/far-red ratio triggers senescence in shaded leaves which 
suggests the involvement of phytochrome signal pathway and photosynthate levels in triggering 
leaf senescence (Rousseaux et al., 1996).  
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Chapter Two 
Impact of photoperiod and E-genes on post anthesis 
development of soybean NILs 
 
Introduction 
 Soybean yield is a function of the interaction between the genetic make-up of the plant 
and the environment during crop growth. Plants have evolved mechanisms to perceive and 
respond to environmental cues. The presence of maturity genes (E-genes) in soybean made it 
possible for them to adapt across the regions of the world with different photoperiod and 
temperature regimes. 
Soybean is a short day plant in which photoperiod controls development. Long 
photoperiods delay the time to flowering (Thomas and Vince Prue, 1997) and maturity (Johnson 
et al., 1960). During the reproductive period, long photoperiods extend the duration of flowering 
(Summerfield et al., 1998). Longer photoperiods also delay the onset of pod addition (Fisher, 
1963; Johnson et al., 1960) and pod growth (Wilcox et al., 1995; Board and Settimi, 1986), and 
extend pod addition (Kantolick and Slafer, 2001) and seed filling periods (Guffy et al., 1991; 
Raper and Thomas, 1978). These photoperiod effects on crop development translate into altered 
yield and yield components. The extension of pod addition duration correlates with an increased 
number of seeds in response to higher intercepted radiation (Kantolick and Slafer, 2001).  
 Genetic mechanisms of the above mentioned responses to photoperiod have been 
characterized to some extent. A set of independent E loci regulate time to flowering and maturity 
mediated by photoperiod (Cober et al, 1996). Dominant alleles at E1, E3 and E4 loci delay the 
onset and duration of seed fill and maturity under extended daylength (Curtis et al., 2000). 
Dominant alleles at E loci can also increase crop radiation use efficiency (Ellis et al., 2000). 
Summerfield et al (1998) demonstrated that E1, E2 and E3 regulate the length of the flowering 
period as a function of photoperiod. Positive epistasis has been detected between E1, E2 and E3 
(Asumadu et al., 1998). The presence of E1 enhanced the effects of E2 and E3 on flowering 
duration. The high correlation between seed number and yield (Shibles et al., 1975; Egli, 1998), 
stimulated physiologists, modelers and breeders to study the genetic regulation of the 
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reproductive period, in particular the duration of pod addition, which is a critical period for yield 
determination.  
 Previous studies have evaluated the effects of E loci on time of flowering and maturity 
(Cober et al., 2001; Cober and Voldeng, 2001b; Cober et al., 1996; Mc Blain and Bernard, 
1987). Not much work has been done on the post-flowering development of soybean. The 
objectives of this study are, 1) to determine the role of E-genes and photoperiod on the control of 
post anthesis development in soybean and 2) to characterize the impact of these alleles and 
photoperiod on important sub-phases like duration of pod development and seed filling period 
which have been related to yield. In subsequent chapters the reproductive development of these 
E-gene NILs will be examined in relation to leaf senescence and yield. 
Materials and Methods 
 
 In this experiment we studied the genetic control of photoperiod mediated post anthesis 
development in soybean. The literature states that a set of E loci control time to flowering and 
maturity mediated by photoperiod in soybeans. Availability of plant material that differs in 
allelic forms of several E-gene loci made it possible to elucidate the effects of each locus and its 
response to photoperiod. In this study we used a set of near isogenic lines (NILs) (Table 2.1) 
carrying different allelic combinations at several E-loci. We used the plant material from two 
genetic backgrounds (Clark and Harosoy). The comparison of pairs of allelic composition in 
different genetic backgrounds allows us to differentiate the impact of the allele versus its 
interaction with other unknown genes (i.e. account for epistatic effects).    
The field experiment was conducted at the University of Kentucky’s Spindletop research 
facility in Lexington Kentucky (38oN; 840W) in 2004 and 2005.  The soil at this location was a 
Maury silt loam (fine, mixed, semiactive, mesic Typic Paleudalfs).   
The treatments consisted of two photoperiods and a set of 5 soybean E-gene NILs (Table 
2.1).  The two photoperiod treatments were imposed following the initiation of flowering in all 
NILs (Fig 2.1).  In order to obtain synchronous flowering, the Stewart et al (2003) gene-based 
flowering model was used together with 20 years of historical weather data for the region to 
determine the optimum planting dates to attain synchronous flowering.  All genotypes flowered 
within 8 days of one another. Plots were hand planted at double density and thinned back to 
achieve approximately 370,000 plants ha-1. The plots were 4 m long and 6 rows wide, with a 
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0.38 m row spacing.  
The soil test recommendations did not require application of any fertilizer or lime in 2004 
or 2005. The pH was 6.4. 
 Weed control was achieved using a combination of pre-plant incorporated Canopy XL 
(sulfentrazone+chlorimuron; DuPont Crop Protection, Willmington, DE) 455 g ha-1 and Dual II 
Magnum (S-metalachlor+benoxacor; Syngenta Crop Protection, Greensboro, NC) 1.55 L ha-1 in 
early May of both the years. Weeds were also removed using a hoe during the season. In 2005, 
Japanese beetles (Popillia japonica Newman) were controlled by spraying 1.9 L acre-1 of Sevin 
(22.5% Carbaryl [1-naphthyl N methyl carbamate]; Bayer Crop Science, Research Triangle Park, 
NC).  
The design was a randomized complete block, split-plot design with three replications 
each year.  The main plots were the two photoperiod treatments; i) ambient day length (Amb) 
and ii) ambient plus 3 h incandescent day length extension (Amb+3) (Fig. 2.1).  The photoperiod 
treatments were imposed after all genotypes had reached R1 and continued until maturity (R8). 
The main plots were separated by large sheets of black plastic laid over PVC pipes hammered 
into the ground.  The PVC structures were built at least 6 m from the plots in order to avoid 
shading. The black plastic was maintained in place from R1 until maturity.  Sudan grass 
(Sorghum vulgare var. sudanense) was planted on both sides of the black plastic to strengthen 
the structures so that they could withstand strong winds. Incandescent bulbs (100 watts) were 
suspended 2 m above the ground.  One bulb was suspended above each plot in 2004 and two 
bulbs were suspended above each plot in 2005 using heavy gauge wire and anchored at the ends 
by large wooden posts driven into the ground by a tractor mounted post driver.  The red-far red 
ratio (660/730 nm) of the incandescent bulbs was 0.58 in 2004 and 0.51 in 2005, measured 1m 
above the ground on a moonless night using a spectroradiometer (Spectrawiz EPP2000 VIS-NIR, 
Stellarnet, Inc., Tampa, FL).  
One segment of bordered row with 10 plants was marked and all phenology data was 
collected from this region.  Phenology data, based on the system developed by Fehr and 
Caviness, (1977), was collected every 2 to 3 days. Weather data was obtained from a weather 
station located within 0.79 km of the research plots. The number of growing degree days for each 
phase of development was calculated using a base temperature of 6oC (rounded up from Stewart 
et al (2003) model). 
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 Data were analyzed with Proc Mixed and Proc GLM (SAS ver. 9.1, SAS institute, Cary, 
NC).  All cases of year to year heterogeneity and homogeneity of variance components for 
blocks, main plot errors and sub plot errors were fitted and out of the eight possible resulting 
variance and co-variance structures the one showing the smallest value for AIC (AKAIKE 
Information Criterion) was chosen as the variance-co-variance structure to be used for the 
combined analysis. 
Results 
 Duration of growth stages were expressed on a calendar and growing degree day (GDD) 
basis. When we looked at the combined data across two years we found interactions between 
year, photoperiod (PP) and isolines for a few variables like duration of pod development, pod 
elongation stage (R4) and seed initiation (R5) stage (see Tables 2.2, 2.3). Hence both years were 
analyzed separately for all variables to keep it consistent throughout. As mentioned earlier the 
‘PROC Mixed’ procedure of SAS was used to analyze the data, to test for the significance of 
variances, to generate LS Means and to test the contrasts. Least significant difference values for 
LS Means were hand calculated using t-tables. 
The dominant E loci and extended day length treatment affected most phases of 
reproductive development in the NILs. Dominant alleles at E-loci prolonged reproductive 
development and delayed maturity independently and in combination with the photoperiod 
treatment (See Tables 2.2 to 2.7).   
Year 2004 
During 2004 E-genes affected many phases of reproductive development where as the 
photoperiod treatment affected only few stages of reproductive development. Interaction 
between photoperiod and E-genes was significant for maturity stages of reproductive 
development (Tables 2.4, 2.5).   
Effect of photoperiod 
 Extending the photoperiod by three hours significantly affected duration of reproductive 
development (R1 to R7), R5, R7 and R8 (maturity stages). This significance was of greater 
magnitude for calendar day data than for the GDD data (Tables 2.4, 2.5).  
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 Effect of E-genes 
 E-genes affected every stage of reproductive development in calendar day data and every 
stage except seed filling period (SFP) in GDD data. The interaction effects were significant only 
for maturity stages and total duration of reproductive development (Tables 2.4, 2.5). 
Year 2005 
 The effects of photoperiod and E-genes were more distinctive in 2004 than during 2005. 
Interactions were seen between photoperiod and E-genes in all parameters except for SFP 
(Tables 2.6, 2.7). 
Effect of photoperiod 
 Extending the photoperiod by 3 hours significantly affected every stage of reproductive 
development in E-gene NILs. This statement is true for both calendar day and GDD data (Tables 
2.6, 2.7). 
Effect of E-genes 
 E-genes affected every stage of reproductive development except SFP in the GDD data. 
They also affected all the stages of reproductive development in the calendar day data except 
being less significant (P≤0.10) for SFP. The interaction effect between photoperiod and E-genes 
was significant for all of the reproductive sub-phases except for SFP (Tables 2.6, 2.7). 
Discussion 
As mentioned earlier extended day-length treatment was started only after flowering (R1) 
which is defined as one open flower on the main stem of at least 50% of the plants (Fehr and 
Caviness, 1977). Flowering was delayed in isolines with dominant E-gene alleles. Least 
significant difference values showed significant differences between each of the isolines (Table 
2.16). The photoperiod after planting was approximately 15.5 hours which is above the critical 
photoperiod (13 hours) for soybean. So the isolines with dominant alleles respond to longer days 
by delaying the flowering response as shown by previous researchers. Isolines with all recessive 
E-alleles flowered 29 days after planting in both years with approximately 494 and 522 
accumulated GDDs, respectively, in both years. Isolines with dominant E4 and E7 alleles 
flowered 5 to 6 days later after accumulating approximately 610 and 630 GDDs, respectively, in 
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both years. This was similar to the observations made by Cober et al. (1996). The two Isolines 
with dominant E1, E4 and E7 alleles flowered 12 days (~800 GDDs after planting) in 2004 and 
23 to 28 days (~930 to 1000 GDDs after planting) in 2005 after cultivars with just E4 and E7 
dominant alleles (Figure 2.2). This discrepancy might be the result of isoline’s interaction with 
the environment mainly temperature. The Isoline with the dominant E1 allele in a ‘Clark’ 
background is more sensitive for photoperiod and causes delayed flowering response to long 
days (Upadhyay et al, 1994a). This might also be true for ‘Harosoy’ background but was not 
tested by Upadhyay et al (1994a). The Stewart et al. (2003) model for flowering worked as 
expected to obtain synchronous flowering so the extended daylength treatment was initiated after 
flowering of all the isolines.  
In 2004 flowering was recorded  twice a week. A cultivar was considered not flowering if 
we failed to see flowers on at least 50% of the plants observed. Not all the isolines differed 
significantly for duration of flowering. Differences between the isolines were prominent when 
analyzed using GDD data which is no surprise as this method accounts for temperature effects. 
The isoline with the dominant E1 allele in a ‘Clark’ background showed significant differences 
with e1 allele isolines under the ambient day-length treatment. Isolines with the dominant E1 
allele in both backgrounds differed significantly from isolines with e1 allele under Amb+3 
treatment when analyzed using GDD data. The isoline with the dominant E1 allele in a 
‘Harosoy’ background showed a marked difference between the two photoperiod treatments and 
the isoline with E4 and E7 alleles in a ‘Clark’ background also showed a significant difference 
for photoperiod treatment when analyzed using GDD data. Isolines showed greater differences 
under Amb+3 treatment and lesser differences in Amb photoperiod treatment (Table 2.17).  
Duration of pod development was considered as the period between R1 and R4 which is 
very critical for determination of pod number. We found that this sub-section of reproductive 
development was significantly affected by the presence of the dominant E1 allele. The presence 
of the dominant E1 allele further prolonged this period when grown under the extended 
photoperiod treatment. This E1 allele showed more sensitivity in a ‘Harosoy’ background. 
However the photoperiod effect was significant for isolines with dominant E1 alleles in 2005 and 
not significant for any isoline in 2004 (Tables 2.4 to 2.7). The E-genes had interesting 
differences in both years. In 2004, the e1 allele significantly differed from the E1 allele in the 
‘Harosoy’ background but not in the ‘Clark’ background. The E1 allele in both backgrounds 
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differed significantly from each other. This was observed in both photoperiod treatments and in 
both methods of data analysis (Tables 2.8 and 2.9). In 2005 each isoline differed significantly 
from other isolines only under the extended photoperiod treatment. Under ambient photoperiod 
the isoline with all recessive alleles (Harosoy background) differed significantly from isolines 
with the dominant E1 allele (Tables 2.10 and 2.11). The contrast statements show that the 
difference between the e1 and E1 alleles is more dramatic in the extended photoperiod treatment 
than with the ambient photoperiod (See Tables 2.12 to 2.15). 
Seed filling period (SFP) in this experiment was defined as the period between R4 and 
R7 (physiological maturity). Significant differences were present between the e1 and E1 alleles 
only under the extended photoperiod treatment in 2004 (Tables 2.12 and 2.13). The ‘Clark’ 
isoline with the dominant E1 allele showed a significant difference due to the photoperiod 
treatment by extending SFP under Amb+3 treatment in both 2004 and 2005 (See Tables 2.8 to 
2.11). Significant differences were noted between e1 allele under natural day length versus E1 
allele under Amb+3 treatment which is no surprise because of the extreme nature of both 
treatments. Lack of differences between isolines in the same photoperiod treatment may be 
because of the timing of this sub phase where the isolines with e1 allele might have been earlier 
in the season where they experienced relatively longer day lengths than the isolines with E1 
allele. SFP for early maturing isolines (with e1 allele) occurred early in the season when long 
days were present compared to late maturing isolines (with E1 allele) which were late in the 
season when days were shorter. 
Duration of reproductive development in this experiment is defined as the period between 
R1 (occurrence of first flower) and R7 (physiological maturity). Significant differences were 
present between e1 and E1 alleles under the extended photoperiod treatment for both years. The 
isoline with all recessive alleles in a Harosoy background differed significantly from all other 
isolines in both photoperiod treatments in 2005 (Tables 2.12 to 2.15). In 2004, isolines with the 
e1 allele in the ambient photoperiod treatment differed significantly from the isoline with the E1 
allele in a ‘Harosoy’ background (see Tables 2.8 and 2.9). An extended reproductive 
development period in isolines with the E1 allele under the extended photoperiod treatment 
clearly indicates the role of this allele in late maturity mediated by photoperiod. The extension of 
this period may result in higher biomass accumulation at the end of the soybean life cycle. More 
over this duration corresponds to the total duration of the photoperiod extension treatment in this 
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experiment. Hence isolines with the dominant E1 allele have shown large differences compared 
to isolines with the e1 allele under the Amb+3 treatment (Tables 2.4 to 2.15 and Figure 2.3). 
Growth stage R4 is the pod elongation stage when there is a 2 cm pod at one of the four 
uppermost nodes on the main stem with a fully developed leaf (Fehr and Caviness, 1977). This 
stage was significantly delayed in the isolines with a dominant E1 allele when grown under the 
extended photoperiod treatment in 2005 (Tables 2.10 and 2.11), in 2004 (Tables 2.8 and 2.9). 
However the occurrence of R4 stage was delayed in isolines with each of the dominant E alleles 
with E1 being the latest of all. Under the extended day length treatment the E1 allele in a 
‘Harosoy’ background further delayed occurrence of R4 when compared to the E1 allele in a 
‘Clark’ background (Tables 2.8 to 2.11). 
The seed initiation (R5) stage is defined as when a seed reaches 3 mm in length in a pod 
at one of the four uppermost nodes on the main stem with a fully developed leaf (Fehr and 
Caviness, 1977). Since the isoline with all recessive e alleles is photoperiod insensitive, it did not 
show any difference due to extended photoperiod treatment. However the isolines with dominant 
E1 alleles showed significant differences due to photoperiod treatment by delaying the 
occurrence of R5 in both the years. In 2005, the isolines with E4 and E7 alleles also delayed the 
occurrence of R5 due to photoperiod treatment (Tables 2.10 and 2.11). Isolines within the similar 
photoperiodic treatment showed significant differences due to presence of dominant E alleles. In 
both the treatments, the isoline with all recessive e alleles had accumulated significantly less 
GDD compared to isolines with dominant E alleles. More over isolines with the dominant E1 
allele accumulated more GDD than any other isoline, with the ‘Harosoy’ isoline being the 
highest. Again the isoline with dominant E1 allele in a ‘Harosoy’ background significantly 
delayed occurrence of R5 compared to its ‘Clark’ counterpart (Tables 2.8 to 2.11). 
The R7 stage (physiological maturity) occurs when one normal pod on the main stem 
reaches its mature pod color (Fehr and Caviness, 1977). The photoperiod effect was significant 
only for isolines with the dominant E1 allele in 2004 (Table 2.13) and it was significant for all 
isolines with dominant alleles in 2005 (Tables 2.14 and 2.15). Isolines with the dominant E1 
allele within photoperiod treatments always had delayed occurrence of R7 when compared to 
isolines with the recessive e1 allele (Tables 2.12 to 2.15). The isoline with all recessive e alleles 
differed significantly from any isoline with dominant E alleles especially when photothermal 
units were used for analysis. 
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At the R8 (Harvest maturity) stage 95% of the pods have reached their mature pod color 
(Fehr and Caviness, 1977). Once the plants reach this stage they will be ready for harvesting in 5 
to 10 days depending on the weather. Harvest maturity was significantly delayed for all isolines 
with dominant E alleles due to the extended light treatment. Isolines with the dominant E1 allele 
within photoperiod treatments always had delayed occurrence of R8 when compared to isolines 
with the e1 allele (Tables 2.12 to 2.15). The isoline with all recessive e alleles differed 
significantly from any isoline with dominant E alleles under the extended photoperiod treatment 
using Calendar Day data and in both treatments using GDD analysis (Tables 2.8 to 2.11). 
Prominent differences using GDD data can be attributed to the consideration of temperature in 
the GDD method. The E1 allele in a ‘Harosoy’ background again significantly delayed this stage 
compared to its counterpart in a ‘Clark’ background. This difference in background suggests the 
presence of unknown factor in a ‘Harosoy’ background that interacts with the dominant E1 
allele. However more work has to be done in this area to elucidate those factors. 
In summary, the presence of dominant E1 allele significantly impacted the onset of post-
anthesis developmental phases by delaying the occurrence of R4, R5 and R7 in a photoperiod 
mediated response. This delay in post anthesis reproductive development resulted in longer 
duration of reproductive development for isolines with the dominant E gene alleles. Isolines with 
the dominant E1 allele showed greater sensitivity to photoperiod by delaying maturity under 
extended photoperiod treatment. This photoperiod mediated impact on maturity is independent of 
its impact on flowering. 
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Table 2.1: Near isogenic lines of ‘Clark’ and ‘Harosoy’ used in the experiment. 
 
Name 
 
Genetic Background Gene composition 
OT94-47 
 
Harosoy e1,e2,e3,e4,e5,e7 
L71-920 
 
Clark e1,e2,e3,E4,e5,E7 
L62-667 
 
Harosoy e1,e2,e3,E4,e5,E7 
L80-5914 
 
Clark E1,e2,e3,E4,e5,E7 
L71-802 
 
Harosoy E1,e2,e3,E4,e5,E7 
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Table 2.2: ANOVA for phenological development of Isolines based on 2 years combined data 
converted to Growing Degree Days.
Source DF Duration of 
Pod 
development
Duration 
of SFP 
Duration of 
Reproductive 
development 
R1 R4 R5 R7 R8 
Year 1 *** *** *** *** *** *** *** ***
Block(Year) 2 NS NS NS NS NS NS NS NS 
PhotoPeriod 
(PP) 
1 ** * *** NS ** *** *** ***
Isoline 4 *** † *** *** *** *** *** ***
PP*Isoline 4 *** NS *** NS *** *** *** ***
NS, †, *, **, *** were non-significant, or significant at P ≤ 0.10, 0.05, 0.01, or 0.001 
respectively.  
Year*PP*Isoline 4 ** NS NS NS ** ** NS NS 
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Table 2.3: ANOVA for phenological development of Isolines based on 2 years combined data 
expressed as calendar days. 
Source DF Duration of 
Pod 
development
Duration 
of SFP 
Duration of 
Reproductive 
development 
R1 R4 R5 R7 R8 
Year 1 * NS † *** ** *** * NS 
Block(Year) 2 NS NS NS NS NS NS NS NS 
PhotoPeriod 
(PP) 
1 ** ** *** NS ** *** *** ***
Isoline 4 *** ** *** *** *** *** *** ***
PP*Isoline 4 *** NS *** NS *** *** *** ***
NS, †, *, **, *** were non-significant, or significant at P ≤ 0.10, 0.05, 0.01, or 0.001 
respectively. 
Year*PP*Isoline 4 * NS NS NS * * NS NS 
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Table 2.4: ANOVA for Phenology data (as GDD) collected in 2004. 
Source DF Duration of 
Pod 
development 
Duration 
of SFP 
Duration of 
Reproductive 
development 
R1 R4 R5 R7 R8 
Block 2 NS NS * NS NS NS * NS 
PhotoPeriod 
(PP) 
1 NS NS * - NS ** * * 
Isoline 4 ** NS *** *** *** *** *** ***
PP*Isoline 4 NS NS * - NS NS * ***
NS, †, *, **, *** were non-significant, or significant at P ≤ 0.10, 0.05, 0.01, or 0.001 
respectively. 
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Table 2.5: ANOVA for Phenology data (as calendar days) collected in 2004 
Source DF Duration of 
Pod 
development 
Duration 
of SFP 
Duration of 
Reproductive 
development 
R1 R4 R5 R7 R8 
Block 2 NS NS * NS NS NS * NS 
PhotoPeriod 
(PP) 
1 NS NS *** - NS ** *** ***
Isoline 4 *** * *** *** *** *** *** ***
PP*Isoline 4 NS NS * - NS NS * ***
NS, †, *, **, *** were non-significant, or significant at P ≤ 0.10, 0.05, 0.01, or 0.001 
respectively. 
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Table 2.6: ANOVA for Phenology data (as GDD) collected in 2005. 
Source DF Duration of 
Pod 
development 
Duration 
of SFP 
Duration of 
Reproductive 
development 
R1 R4 R5 R7 R8 
Block 2 NS NS NS NS NS NS NS NS 
PhotoPeriod 
(PP) 
1 *** ** *** - *** *** *** ***
Isoline 4 *** NS *** *** *** *** *** ***
PP*Isoline 4 *** NS ** - *** *** *** ***
NS, †, *, **, *** were non-significant, or significant at P ≤ 0.10, 0.05, 0.01, or 0.001 
respectively. 
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Table 2.7: ANOVA for Phenology data (as calendar days) collected in 2005. 
Source DF Duration of 
Pod 
development 
Duration 
of SFP 
Duration of 
Reproductive 
development 
R1 R4 R5 R7 R8 
Block 2 NS NS NS NS NS NS NS NS 
PhotoPeriod 
(PP) 
1 *** *** *** - *** *** *** ***
Isoline 4 *** † *** *** *** *** *** ***
PP*Isoline 4 *** NS *** - *** *** ** ***
NS, †, *, **, *** were non-significant, or significant at P ≤ 0.10, 0.05, 0.01, or 0.001 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.8: LSMeans for phenological development of Isolines in 2004. Data expressed as Growing Degree Days. 
 
 
 Genetic 
Background 
Isoline Duration of 
Pod 
development 
Duration 
of SFP 
Duration of 
Reproductive 
development 
R4 R5 R7 R8 
Amb Harosoy e1,e2,e3,e4,e5,e7 207.8 620.6 828.9 721.1 849.5 1341.6 1404.3 
 Harosoy e1,e2,e3,E4,e5,E7 196.6 657.4 847.6 814.5 971.5 1472.8 1564.2 
 Clark e1,e2,e3,E4,e5,E7 185.7 646.6 832.4 814.5 942.9 1461.1 1510.7 
 Harosoy E1,e2,e3,E4,e5,E7 266.0 658.2 924.3 1084.0 1197.2 1742.2 1778.3 
 Clark E1,e2,e3,E4,e5,E7 193.7 670.0 863.7 993.4 1097.8 1663.5 1750.8 
Amb+3 Harosoy e1,e2,e3,e4,e5,e7 207.8 638.1 844.5 721.1 849.5 1357.7 1404.3 
 Harosoy e1,e2,e3,E4,e5,E7 191.0 708.0 899.1 814.5 987.6 1522.5 1676.8 
 Clark e1,e2,e3,E4,e5,E7 217.9 645.2 863.1 857.3 972.7 1502.5 1659.6 
 Harosoy E1,e2,e3,E4,e5,E7 307.3 747.5 1054.8 1125.2 1278.9 1872.7 1989.0 
 Clark E1,e2,e3,E4,e5,E7 217.1 784.3 1001.5 1016.9 1152.9 1801.3 1918.6 
 
LSD 
(0.05) 
  65.8 143.5 92.4 65.4 51.7 89.1 60.2 
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Table 2.9: LSMeans for phenological development of Isolines in 2004. Data expressed as calendar days. 
 
 
 
 Genetic 
Background 
Isoline Duration 
of Pod 
Duration 
of SFP 
Duration of 
Reproductive 
development 
R4 R5 R7 R8  
 
 
Amb Harosoy e1,e2,e3,e4,e5,e7 13.0 40.0 53.0 208.0 216 248.0 252.0 
 Harosoy e1,e2,e3,E4,e5,E7 12.3 42.3 54.3 208.0 218 250.3  256.3
 Clark e1,e2,e3,E4,e5,E7 11.6 41.6 53.3 208.0 216 249.6  253.0
  Harosoy E1,e2,e3,E4,e5,E7 17.0 44.0 61.0 220.0 229 264.0 266.6
  Clark E1,e2,e3,E4,e5,E7 12.3 43.6 56.0 214.3 221 258.0 264.6
 Amb+3 Harosoy e1,e2,e3,e4,e5,e7 13.0 41.1 54.0 208.0 216 249.0 252.0
  Harosoy e1,e2,e3,E4,e5,E7 12.0 45.6 57.6 208.0 219 253.6 265.3
  Clark e1,e2,e3,E4,e5,E7 13.6 41.6 55.3 210.6 218 252.3 264.0
  Harosoy E1,e2,e3,E4,e5,E7 20.0 51.6 71.6 223.0 234 274.6 289.6
  Clark E1,e2,e3,E4,e5,E7 13.6 52.6 66.3 215.6 225 268.3 280.3
 LSD 
(0.05) 
  4.1 7.5 6.2 4.0 3.4 6.1 5.6  
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Table 2.10: LSMeans for phenological development of Isolines in 2005. Data expressed as Growing Degree Days. 
 
 Genetic 
Background 
Isoline Duration of 
Pod 
development
Duration 
of SFP 
Duration of 
Reproductive 
development 
R4 R5 R7 R8 
Amb Harosoy e1,e2,e3,e4,e5,e7 199.8 780.0 979.9 742.0 886.7 1522.1 1689.2
 Harosoy e1,e2,e3,E4,e5,E7 292.5 796.7 1089.8 939.1 1039.1 1735.9 1834.6
 Clark e1,e2,e3,E4,e5,E7 272.9 810.3 1083.2 925.5 1058.0 1735.9 1811.6
 Harosoy E1,e2,e3,E4,e5,E7 278.4 791.0 1069.5 1302.0 1437.1 2093.1 2226.1
 Clark E1,e2,e3,E4,e5,E7 313.6 814.4 1128.0 1254.8 1435.9 2069.2 2185.8
Amb+3 Harosoy e1,e2,e3,e4,e5,e7 199.8 862.7 1062.6 742.0 886.7 1604.8 1689.2
 Harosoy e1,e2,e3,E4,e5,E7 298.6 872.4 1171.0 939.1 1148.9 1811.6 1968.0
 Clark e1,e2,e3,E4,e5,E7 294.0 858.8 1152.8 952.7 1153.5 1811.6 1951.2
 Harosoy E1,e2,e3,E4,e5,E7 538.9 774.1 1313.0 1562.5 1786.1 2336.7 2521.4
 Clark E1,e2,e3,E4,e5,E7 401.9 921.6 1323.5 1343.0 1621.2 2264.7 2452.7
LSD 
(0.05) 
  75.4 97.8 73.6 74.5 86.4 73.3 53.6 
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Table 2.11: LSMeans for phenological development of Isolines in 2005. Data expressed as calendar days. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Genetic 
Background 
Isoline Duration of 
Pod 
development
Duration 
of SFP 
Duration of 
Reproductive 
development 
R4 R5 R7 R8 
Amb Harosoy e1,e2,e3,e4,e5,e7 11.0 39.6 50.6 201.0 208.0 240.6 251.0
 Harosoy e1,e2,e3,E4,e5,E7 15.3 42.3 57.6 206.6 212.0 249.0 255.0
 Clark e1,e2,e3,E4,e5,E7 14.3 43.0 57.3 206.0 213.0 249.0 253.6
 Harosoy E1,e2,e3,E4,e5,E7 14.0 43.0 57.0 213.0 219.6 256.0 264.0
 Clark E1,e2,e3,E4,e5,E7 16.0 44.0 60.0 211.0 220.0 255.0 262.0
Amb+3 Harosoy e1,e2,e3,e4,e5,e7 11.0 44.6 55.6 201.0 208.0 245.6 251.0
 Harosoy e1,e2,e3,E4,e5,E7 15.6 47.0 62.6 206.6 217.3 253.6 263.0
 Clark e1,e2,e3,E4,e5,E7 15.3 46.3 61.6 207.3 217.6 253.6 262.0
 Harosoy E1,e2,e3,E4,e5,E7 26.6 45.0 71.6 225.6 237.3 270.6 286.0
 Clark E1,e2,e3,E4,e5,E7 20.3 51.3 71.6 215.3 229.0 266.6 279.0
LSD 
(0.05) 
  3.7 5.3 4.3 3.7 4.6 4.3 3.2 
 
Table 2.12: Contrasts for phenological data in 2004 (GDD data). 
Contrast Duration of 
Pod 
development 
Duration 
of SFP 
Duration of 
Reproductive 
development 
R1 R4 R5 R7 R8 
e1 Vs E1 ** † *** *** *** *** *** *** 
Background * NS * NS * *** ** ** 
e4, e7 Vs E4, 
E7 in 
Harosoy 
NS NS NS *** *** *** *** *** 
e1 Vs E1 
under Amb † NS * - *** *** *** *** 
Background 
under Amb † NS NS - * ** † * 
e4, e7 Vs E4, 
E7 in 
Harosoy 
under Amb 
NS NS NS - ** ** ** *** 
e1 Vs E1 
under 
Amb+3 
** * *** - *** *** *** *** 
Background 
under 
Amb+3 
NS NS * - NS *** * * 
e4, e7 Vs E4, 
E7 in 
Harosoy 
under 
Amb+3 
NS NS NS - *** *** *** *** 
NS, †, *, **, *** were non-significant, or significant at P ≤ 0.10, 0.05, 0.01, or 0.001 
respectively. 
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Table 2.13: Contrasts for phenological data in 2004 (calendar days data). 
Contrast Duration of 
Pod 
development 
Duration 
of SFP 
Duration of 
Reproductive 
development 
R1 R4 R5 R7 R8 
e1 Vs E1 ** ** *** *** *** *** *** ***
Background * NS ** NS ** *** ** ** 
e4, e7 Vs 
E4, E7 in 
Harosoy 
NS NS NS *** NS NS NS ** 
e1 Vs E1 
under Amb * NS ** *** *** *** *** ***
Background 
under Amb * NS † NS * *** † NS 
e4, e7 Vs 
E4, E7 in 
Harosoy 
under Amb 
NS NS NS *** NS NS NS NS 
e1 Vs E1 
under 
Amb+3 
** ** *** *** *** *** *** ***
Background 
under 
Amb+3 
† NS * NS † *** * * 
e4, e7 Vs 
E4, E7 in 
Harosoy 
under 
Amb+3 
NS NS NS *** NS NS NS ***
NS, †, *, **, *** were non-significant, or significant at P ≤ 0.10, 0.05, 0.01, or 0.001 
respectively. 
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Table 2.14: Contrasts for phenological data in 2005 (GDD data). 
Contrast Duration of 
Pod 
development 
Duration 
of SFP 
Duration of 
Reproductive 
development 
R1 R4 R5 R7 R8 
e1 Vs E1 *** NS *** *** *** *** *** ***
Background NS † NS *** ** NS NS ** 
e4, e7 Vs 
E4, E7 in 
Harosoy 
** NS *** *** *** *** *** ***
e1 Vs E1 
under Amb NS NS NS - *** *** *** ***
Background 
under Amb NS NS NS - NS NS NS † 
e4, e7 Vs 
E4, E7 in 
Harosoy 
under Amb 
† NS ** - *** *** *** ***
e1 Vs E1 
under 
Amb+3 
*** NS *** - *** *** *** ***
Background 
under 
Amb+3 
* † NS - *** * NS * 
e4, e7 Vs 
E4, E7 in 
Harosoy 
under 
Amb+3 
* NS * - *** *** *** ***
NS, †, *, **, *** were non-significant, or significant at P ≤ 0.10, 0.05, 0.01, or 0.001 
respectively. 
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Table 2.15: Contrasts for phenological data in 2005 (calendar days data). 
Contrast Duration of 
Pod 
development 
Duration 
of SFP 
Duration of 
Reproductive 
development 
R1 R4 R5 R7 R8 
e1 Vs E1 *** NS *** *** *** *** *** ***
Background NS NS NS *** ** NS NS ***
e4, e7 Vs 
E4, E7 in 
Harosoy 
** NS *** *** *** *** *** ***
e1 Vs E1 
under Amb NS NS NS *** *** *** *** ***
Background 
under Amb NS NS NS *** NS NS NS NS 
e4, e7 Vs 
E4, E7 in 
Harosoy 
under Amb 
† NS ** *** ** * *** † 
e1 Vs E1 
under 
Amb+3 
*** NS *** *** *** *** *** ***
Background 
under 
Amb+3 
* NS NS *** *** * NS ***
e4, e7 Vs 
E4, E7 in 
Harosoy 
under 
Amb+3 
* NS ** *** ** *** *** ***
NS, †, *, **, *** were non-significant, or significant at P ≤ 0.10, 0.05, 0.01, or 0.001 
respectively. 
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 Table 2.16: Least Square Means of first flower observed in isolines from both years. 
Least Square Means for first flower 
2004 2005 
Background Allelic 
combinations 
Days GDDs Days GDDs 
Harosoy e1,e2,e3,e4,e5,e7 29.0 493.5 29.0 522.4 
Harosoy e1,e2,e3,E4,e5,E7 34.8 601.6 34.1 622.1 
Clark e1,e2,e3,E4,e5,E7 35.6 615.0 34.8 634.2 
Harosoy E1,e2,e3,E4,e5,E7 48.0 804.7 62.0 1016.9 
Clark E1,e2,e3,E4,e5,E7 47.0 786.6 57.0 930.8 
 LSD (0.05) 0.3 5.1 0.3 5.8 
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Table 2.17: LS Means of flowering duration of NILs under both treatments in 2004. 
Treatments 
Ambient Ambient + 3 
Background Allelic combinations 
Calendar 
Days 
GDDs Calendar 
Days 
GDDs 
Harosoy e1,e2,e3,e4,e5,e7 28.0 435.9 26.0 408.4 
Harosoy e1,e2,e3,E4,e5,E7 26.3 411.0 29.0 446.8 
Clark e1,e2,e3,E4,e5,E7 26.7 413.8 30.6 460.4 
Harosoy E1,e2,e3,E4,e5,E7 26.0 379.2 39.6 610.6 
Clark E1,e2,e3,E4,e5,E7 24.3 367.8 27.0 397.4 
   LSD for Calendar Days is 3.13 and for GDD data is 42. 
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Figure 2.1: Civil twilight experienced by the two treatments during the crop growth period of 
NILs in 2004 (A) and 2005 (B). 
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Figure 2.2: Impact of the number of dominant E-gene alleles from ‘Clark’ and ‘Harosoy’ 
backgrounds on the accumulated growing degree days to R1 in 2004 (A) and in 2005 (B). Bars 
represent standard error. 
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Figure 2.3A: Impact of the number of dominant E-gene alleles averaged over ‘Clark’ and 
‘Harosoy’ backgrounds on the accumulated growing degree days for duration of reproductive 
development in 2005. Bars represent standard error. 
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Figure 2.3B: Impact of the number of dominant E-gene alleles from ‘Clark’ and ‘Harosoy’ 
backgrounds on the accumulated growing degree days for duration of reproductive development 
in 2004. Letters C, H next to number of alleles denote ‘Clark’ and ‘Harosoy’ backgrounds 
respectively on X-axis. Bars represent standard error. 
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Chapter Three 
Interaction of photoperiod and E-genes and its effect on leaf 
senescence 
 
Introduction 
 Leaf senescence is a genetically regulated process that occurs at the latter part of leaf 
development and culminates in programmed cell death (Lim et al., 2003). During leaf senescence 
changes like bleaching of leaves, loss of chlorophyll and changes in total protein and RNA 
content can be observed (Hinderhofer and Zentgraf, 2001). The leaf, during its final stages loses 
its photosynthetic ability and has high respiratory rates, becoming a burden to the plant leading 
to its abscission. Between the induction of leaf senescence and abscission, the resources 
accumulated in the leaf are mobilized to young and growing parts of the plant (Biswal and 
Biswal, 1999). 
Even though specific genes for induction of senescence have not been identified, the 
down regulation of photosynthetic genes has been proposed to be the possible signal for up-
regulation of SAGs and induction of senescence (Biswal and Biswal, 1999). The onset of leaf 
senescence can be identified visually (visual senescence), physiologically (functional 
senescence), and by molecular tests. Here in these experiments physiological measurements like 
carbon exchange rate (CER), electron transport rate (ETR), chlorophyll concentration (SPAD), 
dark adapted florescence (Fv/Fm), canopy reflectance (Normalized Difference Vegetative Index 
[NDVI]), leaf absorbance (ABSl) were used to quantify functional leaf senescence. The 
objectives of this study are 1) to identify the onset of leaf senescence in different treatment 
combinations of E-genes and photoperiod; 2) to identify the series of physiological events that 
take place during leaf senescence and 3) to assess the correlations between photosynthesis and 
SPAD and electron transport rate measurements. 
Background 
 The chlorophyll fluorescence technique is based on the fact that the quantum efficiency 
of photosystem II (ΦII) can be estimated in vivo (Genty et al., 1989) as (F’M-FS) / F’M, where FS 
is the steady state fluorescence signal from an illuminated leaf, and F’M is the maximum signal 
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during a subsequent pulse of saturating light. Thus for a given leaf, the non-cyclic ETR in the 
thylakoid membrane can be estimated as  
ETR=PPFD × ABSl × fII × ΦII                                          equation -1 
where PPFD is the photosynthetic photon flux density incident on the leaf surface, ABSl is the 
fraction of incident PPFD absorbed by the leaf, and fII is the fraction of absorbed PPFD (which is 
assumed to be 0.5 for C3 plants) which is absorbed by the light harvesting complex of 
photosystem II (Earl and Tollenaar, 1998; Van  Kooten and Snel, 1990). 
 During the estimation of quantum efficiency of PS II, if the non-saturating light condition 
is total darkness and the leaf is completely adapted to it, Pdark (Fv/Fm) can be measured as (Fm-
Fo) / Fm, where Fo is dark adapted fluorescence and Fm is maximum fluorescence with 
saturating light flash in dark. Pdark is the fraction of absorbed photons that is used for 
photochemistry for a dark adapted leaf which is about 0.8 for most healthy plants (Licor 
manuals, Lincoln, NE). Fv/Fm is a means of quantifying maximum quantum efficiency.  
 Remote-sensing techniques like multi-spectral visible and infrared (IR) reflectance can 
provide an instantaneous, non-destructive, and quantitative assessment of the crop’s ability to 
intercept radiation and photosynthesize (Ma et al, 1996). Reflectance in the visible red (R) range 
(λ= 550-675nm) has its significance as this can be used to estimate chlorophyll and carotenoid 
levels in the canopy which in-turn can be used to estimate the crops ability to photosynthesize.  
 
 Materials and Methods  
Field preparation and planting 
 The field experiment was conducted at the University of Kentucky’s Spindletop 
research facility in Lexington Kentucky (38oN; 840W) in 2004 and 2005.  The soil at this 
location was a Maury silt loam (fine, mixed, semiactive, mesic Typic Paleudalfs).   
Plots were hand planted at double density and thinned back to achieve approximately 
370,000 plants ha-1.  The plots were 4 m long and 6 rows wide, with a 0.38 m row spacing. 
Treatments 
The treatments consisted of two photoperiods and a set of 5 soybean E-gene NILs (Table 
2.1). Since the ‘Harosoy’ isoline with all recessive E gene alleles had no impact on post anthesis 
development due to photoperiod treatment it was excluded from the discussion in this 
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experiment. The two photoperiod treatments (Ambient and Ambient+3) were imposed following 
the initiation of flowering in all NILs (Fig 2.1).  In order to obtain synchronous flowering, the 
Stewart et al. (2003) gene based flowering model was used together with 20 years of historical 
weather data for the region to determine the optimum planting dates.  All genotypes flowered 
within 8 days of one another. Weather data was obtained from a weather station located within 
0.79 km of the research plots. The number of growing degree days for each sampling date was 
calculated using a base temperature of 6oC (rounded up from Stewart et al., 2003 model). 
Experimental Design 
 The experimental design was a randomized complete block, split-plot design with three 
replications each year.  The main plots were the two photoperiod treatments; i) ambient day 
length (Amb) and ii) ambient plus 3h incandescent day length extension (Amb+3) (Fig. 2.1).  
The two photoperiod treatments commenced after all genotypes had flowered and continued until 
maturity (R8).  The main plots were separated by large sheets of black plastic laid over PVC 
pipes hammered into the ground.  The PVC structures were built at least 6 m from the plots in 
order to avoid shading.  The black plastic was maintained from flowering until maturity.  Sudan 
grass was planted on both sides of the black plastic to strengthen the structures so that they could 
withstand strong winds. Incandescent bulbs (100 watts) were suspended 2m above the ground.  
One bulb was suspended above each plot in 2004 and two bulbs were suspended above each plot 
in 2005 using heavy gauge wire and anchored at the ends by large wooden posts driven into the 
ground by a tractor mounted post driver.  The red-far red ratio (660/730) of the incandescent 
bulbs was 0.58 in 2004 and 0.51 in 2005, measured 1m above the ground and measured on a 
moonless night using a spectroradiometer (EPP2000 VIS-NIR, Stellarnet, Inc., Tampa, FL). 
Cultural Practices 
 The soil test recommendations did not require an application of any fertilizer or 
lime in 2004 or 2005. The pH was 6.4. 
Weed control was achieved using a combination of pre-plant incorporated Canopy XL 
(sulfentrazone+chlorimuron; DuPont Crop Protection, Willmington, DE) 455 g ha-1 and Dual II 
Magnum (S-metalachlor+benoxacor; Syngenta Crop Protection, Greensboro, NC) 1.55 L ha-1 in 
early May of both the years. Weeds were also removed using a hoe during the season. In 2005, 
Japanese beetles (Popillia japonica Newman) were controlled by spraying 1.9 L acre-1 of Sevin 
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(22.5% Carbaryl [1-naphthyl N methyl carbamate]; Bayer Crop Science, Research Triangle Park, 
NC). 
 Plots were irrigated using overhead sprinklers as needed to avoid drought which would 
affect some of the physiological measurements like CER and ETR. 
Data collection 
Net CER was measured using a portable, open-flow gas exchange system (Li-6400, Li-
Cor Inc., Lincoln, NE). Exchange of CO2 between the leaf sample and the measuring chamber 
air was measured for 2 cm2 leaf area. Measurements were taken on the center leaflets of recently 
expanded (2nd or 3rd fully expanded leaf from top), fully illuminated trifoliate leaves. Three 
measurements were taken from each plot. Plants were randomly selected from the four center 
rows of the plots which were sunlit. The concentration of the CO2 on the reference side was 
maintained at 400 ppm using the Li-6400-01 CO2 injector (Li-Cor Inc). The flow rate of air 
through the chamber was set to 500 µmol S-1. Chamber temperature was set to approximate 
ambient air temperature which was measured just before starting to take measurements. PPFD 
inside the leaf chamber was set to approximate ambient light levels (nearly 2000 µmol m-2 S-1 
during a sunny day) using Li-6400-02 LED light source (Li-Cor Inc). All gas exchange 
measurements were calculated by the Li-6400’s operating software, which in essence follows the 
method of Von Caemmerer and Farquhar (1981).  
Leaf fluorescence measurements were taken using the same system used to measure CER 
(Li-6400 with Li-6400-40 leaf chamber flourometer attachment). ETR, quantum efficiency of PS 
II (ΦpsII) was measured during the day and Fv/Fm was measured after at least 30 minutes of the 
civil twilight on a moon-less night. Leaf fluorescence measurements were taken on a single 
center leaflet of the top 2nd or 3rd fully expanded leaf from each plot. The measuring light 
modulation frequency was set to 20 kHz for light adapted measurements and 0.25 kHz for dark 
adapted measurements. The measuring light intensity and gain was set to 4, 10 for light adapted 
measurements and 1, 10 for dark adapted measurements. The saturation pulse of light used to 
induce the maximum fluorescence level of the sample was 0.8S, and provided a PPFD of >7000 
µmol m-2 S-1 at the leaf surface. The flash light modulation frequency was set to 20 kHz.  
The SPAD-502 meter (Minolta Corp., Ramsey, NJ) was used to quantify leaf greenness 
in which has been related to leaf chlorophyll concentration in a number of crops. A single 
replicate meter reading consisted of the mean of fifteen measurements from three leaflets of five 
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different plants per plot. The unitless measurement of the chlorophyll meter is based on the 
difference in light attenuation at 430 nm, the peak wavelength for chlorophyll a and b, and at 750 
nm, or near infrared (Ma et al, 1995). The chlorophyll meter provides a number ranging from 0 
to 80 with a higher number representing a greener leaf (Ma et al, 1995). 
ABSl is the fraction of incident PPFD absorbed by the leaf. Leaf absorbance changes with 
leaf age, leaf absorbance values were measured with a spectrometer EPP 2000-VIS-200 
(StellarNet Inc., Tampa, FL). Two fully expanded center leaflets of the 2nd or 3rd node from the 
top were cut and immediately placed in test tubes with water to keep the leaves fresh and 
subsequently used for measuring leaf absorbance. All leaves were taken to the field lab to take 
measurements immediately. Leaf absorbance (ABSl) was calculated from the leaf reflectance and 
leaf transmittance values across the visual light spectrum (400 to 700 nm). Light from an 
external source (SL-1, StellarNet Inc., Tampa, FL) was sent with a fiber optic cable (400 VIS-
NIR, StellarNet Inc., Tampa, FL) onto the leaf surface and the transmitted light was captured by 
an integrating spear (IC-2, StellarNet Inc., Tampa, FL). This light was sent to the spectrometer 
using another fiber optic cable (600 VIS-NIR, StellarNet Inc., Tampa, FL) to measure 
transmittance. The leaf reflectance was also measured using a different set up where external 
light was sent to the integrating sphere on which a detached soybean leaflet was held upside 
down. The light between 400 and 700nm band width was averaged and entered into the 
following formula to calculate leaf absorbance (ABSl). 
ABSl = 100 – transmittance – reflectance                                        Eq -2 
Canopy reflectance measurements were made using a hand held multi spectral radiometer 
(EPP 2000-VIS-200, StellarNet Inc., Tampa, FL). It records percent light reflected at each nm 
bandwidth between 400nm to 1000nm (maximum capacity of the meter is 1150nm). Meter 
readings near 674nm and 754nm were used to derive NDVI as follows. 
NDVI = (754nm – 674nm) / (754nm + 674nm)                                    Eq-3 
The fiber optic probe (400 VIS-NIR, StellarNet Inc., Tampa, FL) was held 50 cm above one of 
the four central rows to capture the reflected light from a canopy radius of 38 cm and sends it to 
the radiometer which analyzes the light and records data onto an attached laptop. At each 
sampling, duplicate measurements were made on each plot. Outside light (reference light) was 
measured using a white reflectance surface which reflects 100% of the light that hits its surface. 
The reference light was measured whenever outside light conditions changed due to clouds or 
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angle of the sun. Measurements were made generally under clear sky conditions and after 11:00 
EST on each sampling day.  
Data Analysis 
 The data were analyzed using Proc Mixed and Proc Glm (SAS ver. 9.1, SAS 
Institute, Cary, NC).  Proc Nlin was used to fit the models which gave the information about the 
onset of leaf senescence.  
Results 
 The significance of variances were tested using ‘PROC Mixed’ and ‘PROC GLM’ (SAS 
ver. 9.1, SAS institute, Cary, NC). LS Means were also generated using the same procedures 
which were used to fit the non linear quadratic plateau models using ‘proc Nlin’ for the data. At 
first, each year’s data were analyzed using sampling time as a split-split component of the model. 
The variance component of the interaction “sampling time*photoperiod*isoline” was significant 
(P≤0.0001) in both years for all data and hence individual sampling times of each years were 
analyzed separately to generate LS Means of each isoline in each photoperiod treatment and used 
to fit a non-linear quadratic plateau model. The plots (Fig. 3.1 to 3.14) and fit statistics (Tables 
3.1, 3.2) are presented. The contrasts between isolines with recessive ‘e1’ and dominant ‘E1’ 
were also significant (P≤0.05) and hence similar isolines from both genetic backgrounds (Clark 
and Harosoy) were analyzed together. The ANOVA tables for each physiological variable are 
also presented as tables (Tables 3.3 to 3.9). The figures showing the relationship between 
phenology and senescence have also been presented for each year (Fig. 3.15 and 3.16). 
 The dominant E loci and extended day length treatment affected the onset of leaf 
senescence in terms of all physiological measurements taken. The dominant ‘E1’ allele alone and 
in combination with extended photoperiod treatment significantly delayed the onset of leaf 
senescence. This delay in onset of leaf senescence caused a delay in full senescence which is 
regarded as the near zero value for a particular measurement or absence of representative leaves 
while taking measurements. As stated in the previous chapter the reproductive development of 
isolines was delayed due to the presence of dominant E1 allele and due to extended photoperiod 
treatment. Delay in the onset of leaf senescence may be linked to the delay in reproductive 
development (Fig. 3.15 and 3.16). 
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Discussion 
 The dominant E1 allele and photoperiod treatment had a significant impact on onset of 
leaf senescence in terms of net carbon exchange rate, electron transport rate, dark florescence 
(Fv/Fm), Chlorophyll concentration (SPAD), and NDVI. Full senescence was also impacted due 
to presence of the dominant E1 allele and due to extended photoperiod treatment. 
 Time course measurements of carbon exchange rate (CER) on the isolines suggest that 
the presence of the dominant E1 allele helps to maintain high photosynthetic rate compared to 
the isolines with just E4 and E7 alleles (Fig. 3.1 and 3.8). This difference is most apparent in the 
extended photoperiod treatment and is observed in both genetic backgrounds. As a result the 
onset of leaf senescence was also delayed in the isolines with dominant E1 allele at least by 100 
GDD under natural day length photoperiod and by 200 GDD under extended day length 
photoperiod treatments in 2004 (Table 3.1). Similar trends were observed in 2005 (Table 3.2).  
The onset of leaf senescence occurred  between R5 and R7 in all the treatments and in both 
years. This suggests a role of seed filling stage in the initiation of leaf senescence in this 
monocarpic plant. Not surprisingly, isolines with E4 and E7 alleles under extended photoperiod 
treatment behaved more like the isolines with dominant E1 allele under ambient photoperiod 
treatment. Maintenance of high photosynthetic rates by the dominant E1 allele can be attributed 
to maintenance of high ETR, Fv/Fm, and SPAD values. Post anthesis photoperiod effects are 
persistent until the seed maturation stages (Han et al.,  2006). This might be the reason for the 
greater difference between isolines in the onset of leaf senescence compared to R5 (seed 
initiation stage). The R5 growth stage occurred earlier than onset of leaf senescence and hence 
there is more effect of long day treatment on onset of leaf senescence than on occurrence of R5 
(Fig. 3.15 and 3.16). 
 Electron transport rate measurements were taken simultaneously with net CER 
measurements. ETR was also maintained in a similar fashion as net CER (Fig. 3.2 and 3.9). This 
is not surprising since the ETR is highly correlated with the CER. The onset of leaf senescence 
and full senescence in terms of ETR was similar to photosynthesis. ETR was maintained for a 
longer time by the isolines which had the dominant E1 allele compared to the ones with the 
recessive e1 allele. The ability of the dominant E1 allele to maintain high ETR was further 
increased with the extended photoperiod treatment. Decline in ETR was significantly delayed 
due to the presence of the dominant E1 allele and extended day length. A similar trend was 
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observed in both the years with a larger difference in 2005. Decline in ETR can be attributed to 
declines in either or both quantum efficiency of PSII (also called Plight) and leaf absorbance. 
Electron transport rate is the actual flux of photons that drive photo system II (Li-cor manual, 
Lincoln, NE) and hence is most important for the photosynthesis.  
 Dark fluorescence (Fv/Fm) assesses maximum quantum efficiency of photo system II. 
Fv/Fm was significantly affected with the presence of the dominant E1 allele and due to 
extended photoperiod treatment (Fig. 3.3 and 3.10). The decline in Fv/Fm was a relatively late 
physiological event compared to the other photosynthesis related events. It suggests that Photo 
System II is relatively late to disintegrate during leaf senescence. In 2004, the Fv/Fm of isolines 
with the recessive e1 allele started to decline at the same time in both photoperiod treatments but 
with the extended day length treatment it reached zero at a slow rate (Fig. 3.3). In 2005, isolines 
with the dominant E1 allele under extended photoperiod treatment were killed by frost even 
before it started to decline.  
 A time course measurements of SPAD (unitless measurements to denote chlorophyll 
concentration) were also significantly affected by the presence of dominant E1 allele and by 
extended photoperiod treatment (Tables 3.6A and 3.6B). Chlorophyll is the green pigment of the 
leaves which absorbs light energy. Isolines with dominant E1 allele had a delayed decline in 
SPAD measurements by at least 100 GDD under ambient light treatment and were further 
delayed by 100 GDD when grown under extended photoperiod treatment (Fig. 3.4 and 3.11). The 
dominant E1 allele is more sensitive to day length when compared to the recessive e1 allele and 
hence accumulated more GDD under extended photoperiod treatment before full senescence.  
 Crop reflectance measurements like normalized difference vegetative index (NDVI) 
highly correlates with soybean grain yield (Ma et al., 2001). These NDVI measurements can 
provide an instantaneous, non destructive and quantitative assessment of the crop’s ability to 
intercept solar radiation and photosynthesize (Ma et al., 1996). NDVI was significantly affected 
by the E-genes and photoperiod treatments (Tables 3.8A and 3.8B). Presence of the dominant E1 
allele and extended photoperiod treatment caused production of new shoots and leaves even after 
anthesis. This caused a delayed decline in crop reflectance measurements. Visual observations 
showed striking differences among the isolines and treatment (Fig. A1). 
 Leaf absorbance was also significantly affected due to the E1 allele and photoperiod 
treatment (Tables 3.7A and 3.7B). The presence of high chlorophyll content in the isolines with a 
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dominant E1 allele might have delayed the decline in leaf absorbance measurements. Leaf 
absorbance was maintained further in the extended photoperiod treatment (Fig. 3.5 and 3.12). 
Maintenance of high leaf absorbance also increased ETR.  
 Quantum efficiency of Photo System II (ΦII) resembled ETR because ΦII is an important 
component of ETR. The presence of the dominant E1 allele and extended photoperiod treatment 
delayed the decline in ΦII. A similar trend was seen in both years.  
 Maintenance of high photosynthetic rate by isolines with the dominant E1 allele can be 
attributed to maintenance of high ETR and SPAD. Other physiological events like decline in 
Fv/Fm and NDVI are relatively late events. Onset of leaf senescence in terms of functional 
photosynthesis occurred after R5 irrespective of the treatment. Hence the onset of leaf 
senescence may be influenced by the reproductive development of the isolines. 
 In summary, the E1 allele showed significant impact on leaf senescence by delaying the 
onset and full leaf senescence in the isolines with the dominant E1 allele. This effect was more 
apparent under the extended photoperiod treatment. The presence of dominant E1 allele 
specifically delayed the onset of irreversible decline in photosynthesis, ETR, Fv/Fm and SPAD 
measurements in a photoperiod mediated response. However since reproductive development 
was also influenced by E1 allele and photoperiod it may be argued that the leaf senescence may 
be influenced by the reproductive development of the isolines.  
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Table 3.1: R-square values, P-values, and equations for plots of the proc Nlin quadratic fits of 2004 data. Missing values for some of 
the treatments denote inadequate data for fitting quadratic models. 
 Parameters Treatment Equation R2-Value P-Value X-Plateau 
CER E1e2e3E4e5E7(amb) Y=5+0.08x-0.00009x2 0.90 0.0001 510  
 e1e2e3E4e5E7(amb) Y=29.3-0.002x-0.00004x2 0.92 0.0004 410 
  E1e2e3E4e5E7(amb+3) Y=-54+0.2x-0.00014x2  0.88 0.0001 731 
 e1e2e3E4e5E7(amb+3) Y=27.7-0.00025x-0.00003x2 0.81 0.0011 510  ETR E1e2e3E4e5E7(amb) Y=10.84+0.65x-0.0007x2 0.95 0.0001 465 
 e1e2e3E4e5E7(amb) Y=81.27+0.61x-0.0009x2 0.97 0.0001  410 
 E1e2e3E4e5E7(amb+3) Y=-963+2.75x-0.0017x2 0.89 0.0001 817 
  e1e2e3E4e5E7(amb+3) Y=121.5+0.29x-0.00043x2 0.89 0.0001 510 
Fv/Fm E1e2e3E4e5E7(amb) Y=-6.6+0.02x-0.00001x2 0.99 0.0001 680  
 e1e2e3E4e5E7(amb) Y=-4.2+0.017x-0.00002x2 0.99 0.0001 575 
  E1e2e3E4e5E7(amb+3) Y=-4.64+0.012x-6.44E-6x2 0.80 0.003 800 
 e1e2e3E4e5E7(amb+3) Y=-0.51+0.005x-4.54E-6x2 0.98 0.0001 585  
SPAD E1e2e3E4e5E7(amb) Y=-72.2+0.37x-0.00031x2 0.94 0.0001 593 
  e1e2e3E4e5E7(amb) Y=-63.4+0.44x-0.00047x2 0.98 0.0001 472 
 E1e2e3E4e5E7(amb+3) Y=-599.5+1.33x-0.0007x2 0.38 0.04 953   e1e2e3E4e5E7(amb+3) Y=-57+0.35x-0.00033x2 0.97 0.0001 650 
Leaf Absorbance E1e2e3E4e5E7(amb) Y=-4.77+0.28x-0.00026x2 0.98 0.02  680 
 e1e2e3E4e5E7(amb)    540 
  E1e2e3E4e5E7(amb+3) Y=-5253.7+10.41x-0.005x2 0.96 0.007 970 
 e1e2e3E4e5E7(amb+3) Y=-1365.3+3.6x-0.0023x2 0.99 0.0991 680  
NDVI_CW E1e2e3E4e5E7(amb) Y=0.22+0.0028x-2.91E-6x2 0.97 0.0001 650 
  e1e2e3E4e5E7(amb) Y=-0.88+0.0075x-7.85E-6x2 0.99 0.0001 510 
 E1e2e3E4e5E7(amb+3) Y=-0.39+0.004x-3.11E-6x2 0.98 0.0001 650  
 e1e2e3E4e5E7(amb+3) Y=-1.31+0.0076x-6.61E-6x2 0.99 0.0001 581 
 P light E1e2e3E4e5E7(amb) Y=-0.57+0.0026x-2.12E-6x2 0.82 0.001 616 
 e1e2e3E4e5E7(amb) Y=-0.12+0.0017x-2.01E-6x2 0.86 0.0024 427   E1e2e3E4e5E7(amb+3) Y=-1.58+0.0043x-2.61E-6x2 0.66 0.004 837 
 e1e2e3E4e5E7(amb+3) Y=-0.05+0.0011x-1.11E-6x2 0.79 0.001 508  
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Table 3.2: R-square values, P-values, and equations for plots of the proc Nlin quadratic fits of 2005 data. Missing values for some of 
the treatments denote inadequate data for fitting quadratic models. 
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 Parameters Treatment Equation R2-Value P-Value X-Plateau 
CER E1e2e3E4e5E7(amb) Y=15.31+0.057x-0.00006x2 0.85 0.02 585 
 e1e2e3E4e5E7(amb) Y=-26.55+0.21x-0.00019x2 0.91 0.08 551 
 E1e2e3E4e5E7(amb+3) Y=18.97+0.023x-0.00002x2 0.58 0.07 857 
 e1e2e3E4e5E7(amb+3) Y=-0.63+0.1x-0.0001x2 0.78 0.10 585 
ETR E1e2e3E4e5E7(amb) Y=181.4+0.1x-0.00022x2 0.98 0.0003 580 
 e1e2e3E4e5E7(amb) Y=145.2+0.35x-0.00051x2 0.98 0.01 345 
 E1e2e3E4e5E7(amb+3) Y=136.8+0.1x-0.00011x2 0.85 0.003 900 
 e1e2e3E4e5E7(amb+3) Y=-12.34+0.7x-0.00064x2 0.99 0.0004 551 
Fv/Fm E1e2e3E4e5E7(amb) Y=-0.8+0.0044x-2.97E-6x2 0.99 0.08 745 
 e1e2e3E4e5E7(amb)    623 
 E1e2e3E4e5E7(amb+3) Y=0.88+0.00008x-3.72E-9x2 0.53 0.46 - 
 e1e2e3E4e5E7(amb+3)    930 
SPAD E1e2e3E4e5E7(amb) Y=-76.02+0.33x-0.00023x2 0.93 0.0002 721 
 e1e2e3E4e5E7(amb) Y=-36.26+0.26x-0.00022x2 0.93 0.001 605 
 E1e2e3E4e5E7(amb+3) Y=-126+0.30x-0.00014x2 0.67 0.01 1077 
 e1e2e3E4e5E7(amb+3) Y=-330.2+0.85x-0.00049x2 0.96 0.0001 876 
Leaf Absorbance E1e2e3E4e5E7(amb) Y=-500.3+1.33x-0.00078x2 0.97 0.0007 859 
 e1e2e3E4e5E7(amb) Y=-1144.2+2.94x-0.0018x2 0.98 0.002 829 
 E1e2e3E4e5E7(amb+3) Y=-1605.3+2.61x-0.001x2  0.79 0.007 1286 
 e1e2e3E4e5E7(amb+3) Y=-755.4+1.84x-0.001x2   0.97 0.0006 899 
NDVI_CW E1e2e3E4e5E7(amb) Y=0.81+0.0008x-1.01E-6x2 0.93 0.001 934 
 e1e2e3E4e5E7(amb) Y=-0.09+0.0038x-3.47E-6x2 0.97 0.004 857 
 E1e2e3E4e5E7(amb+3) Y=0.46+0.0015x-1.19E-6x2 0.97 0.0002 1085 
 e1e2e3E4e5E7(amb+3) Y=0.97+0.00026x-6.79E-7x2 0.95 0.0004 857 
P light E1e2e3E4e5E7(amb) Y=0.14+0.00058x-5.93E-7x2 0.97 0.0008 585 
 e1e2e3E4e5E7(amb) Y=-0.33+0.0022x-1.94E-6x2 0.98 0.01 571 
 E1e2e3E4e5E7(amb+3) Y=-0.28+0.0011x-6.26E-7x2 0.90 0.0009 913 
 e1e2e3E4e5E7(amb+3) Y=-0.065+0.00123x-1.07E-6x2 0.95 0.01 585 
Table 3.3A: ANOVA for Photosynthesis measurements taken repeatedly during 2004 
 
 DF F-value P-Sig 
Sampling time 12 4709.29 *** 
Sampling time*Block 24 1.47 ns 
Sampling time*PP 12 116.58 *** 
Sampling time*Isoline 48 20.74 *** 
Sampling time*PP*Isoline 48 9.34 *** 
Sampling time*PP*Block 24 1.84 ns 
 
 
 
 
Table 3.3B: ANOVA for Photosynthesis measurements taken repeatedly during 2005 
 
 DF F-value P-Sig 
Sampling time 8 11157 *** 
Sampling time*Block 16 5.9 *** 
Sampling time*PP 8 402.96 *** 
Sampling time*Isoline 32 68.38 *** 
Sampling time*PP*Isoline 32 54.21 *** 
Sampling time*PP*Block 16 1.56 ns 
 
NS, †, *, **, *** were non-significant, or significant at P ≤ 0.10, 0.05, 0.01, or 0.001 
respectively. 
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Table 3.4A: ANOVA for Electron transport rate measurements taken repeatedly during 2004 
 
 DF F-value P-Sig 
Sampling time 12 226.25 *** 
Sampling time*Block 24 1.12 ns 
Sampling time*PP 12 10.7 *** 
Sampling time*Isoline 48 9.01 *** 
Sampling time*PP*Isoline 48 2.39 *** 
Sampling time*PP*Block 24 1.32 ns 
 
 
 
 
 
 
Table 3.4B: ANOVA for Electron transport rate measurements taken repeatedly during 2005 
 
 DF F-value P-Sig 
Sampling time 8 174.64 *** 
Sampling time*Block 15 4.86 *** 
Sampling time*PP 8 19.79 *** 
Sampling time*Isoline 32 22.66 *** 
Sampling time*PP*Isoline 32 8.9 *** 
Sampling time*PP*Block 15 1.33 ns 
NS, †, *, **, *** were non-significant, or significant at P ≤ 0.10, 0.05, 0.01, or 0.001 
respectively. 
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Table 3.5A: ANOVA for Fv/Fm measurements taken repeatedly during 2004 
 
 DF F-value P-Sig 
Sampling time 9 246.68 *** 
Sampling time*Block 18 1.87 * 
Sampling time*PP 9 11.22 *** 
Sampling time*Isoline 36 17.4 *** 
Sampling time*PP*Isoline 36 10.48 *** 
Sampling time*PP*Block 18 1.93 * 
 
 
 
 
 
 
Table 3.5B: ANOVA for Fv/Fm measurements taken repeatedly during 2005 
 
 DF F-value P-Sig 
Sampling time 4 413.68 *** 
Sampling time*Block 8 0.23 ns 
Sampling time*PP 4 17.15 *** 
Sampling time*Isoline 16 23.99 *** 
Sampling time*PP*Isoline 16 18.44 *** 
Sampling time*PP*Block 8 1.44 ns 
NS, †, *, **, *** were non-significant, or significant at P ≤ 0.10, 0.05, 0.01, or 0.001 
respectively. 
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Table 3.6A: ANOVA for SPAD measurements taken repeatedly during 2004 
 
 DF F-value P-Sig 
Sampling time 10 240.26 *** 
Sampling time*Block 20 1.8 * 
Sampling time*PP 10 28.85 *** 
Sampling time*Isoline 40 22.87 *** 
Sampling time*PP*Isoline 40 12.1 *** 
Sampling time*PP*Block 20 0.97 ns 
 
 
 
 
 
 
Table 3.6B: ANOVA for SPAD measurements taken repeatedly during 2005 
 
 DF F-value P-Sig 
Sampling time 10 450.65 *** 
Sampling time*Block 20 2.5 *** 
Sampling time*PP 10 83.24 *** 
Sampling time*Isoline 40 52.36 *** 
Sampling time*PP*Isoline 40 26.4 *** 
Sampling time*PP*Block 20 1.04 ns 
NS, †, *, **, *** were non-significant, or significant at P ≤ 0.10, 0.05, 0.01, or 0.001 
respectively. 
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Table 3.7A: ANOVA for Leaf absorbance measurements taken repeatedly during 2004 
 
 DF F-value P-Sig 
Sampling time 5 86.74 *** 
Sampling time*Block 10 2.1 * 
Sampling time*PP 5 8.51 *** 
Sampling time*Isoline 20 7.51 *** 
Sampling time*PP*Isoline 20 5.82 *** 
Sampling time*PP*Block 10 1.34 ns 
 
 
 
 
 
 
Table 3.7B: ANOVA for Leaf absorbance measurements taken repeatedly during 2005 
 
 DF F-value P-Sig 
Sampling time 8 246.4 *** 
Sampling time*Block 16 47.87 *** 
Sampling time*PP 8 635.43 *** 
Sampling time*Isoline 32 625.11 *** 
Sampling time*PP*Isoline 32 403.07 *** 
Sampling time*PP*Block 16 1.54 † 
NS, †, *, **, *** were non-significant, or significant at P ≤ 0.10, 0.05, 0.01, or 0.001 
respectively. 
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Table 3.8A: ANOVA for NDVI measurements taken repeatedly during 2004 
 
 DF F-value P-Sig 
Sampling time 8 744.67 *** 
Sampling time*Block 16 2.93 *** 
Sampling time*PP 8 18.5 *** 
Sampling time*Isoline 32 36.44 *** 
Sampling time*PP*Isoline 32 17.77 *** 
Sampling time*PP*Block 16 1.59 † 
 
 
 
 
 
 
Table 3.8B: ANOVA for NDVI measurements taken repeatedly during 2005 
 
 DF F-value P-Sig 
Sampling time 7 215.01 *** 
Sampling time*Block 14 6.94 *** 
Sampling time*PP 7 9.76 *** 
Sampling time*Isoline 28 24.46 *** 
Sampling time*PP*Isoline 28 5.09 *** 
Sampling time*PP*Block 14 3.72 *** 
NS, †, *, **, *** were non-significant, or significant at P ≤ 0.10, 0.05, 0.01, or 0.001 
respectively. 
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Table 3.9A: ANOVA for Plight measurements taken repeatedly during 2004 
 
 DF F-value P-Sig 
Sampling time 12 109.15 *** 
Sampling time*Block 24 2.05 ** 
Sampling time*PP 12 9.45 *** 
Sampling time*Isoline 48 9.35 *** 
Sampling time*PP*Isoline 48 2.52 *** 
Sampling time*PP*Block 24 1.41 ns 
 
 
 
 
 
 
Table 3.9B: ANOVA for Plight measurements taken repeatedly during 2005 
 
 DF F-value P-Sig 
Sampling time 8 219.67 *** 
Sampling time*Block 15 3.19 *** 
Sampling time*PP 8 14.89 *** 
Sampling time*Isoline 32 26.76 *** 
Sampling time*PP*Isoline 32 10.52 *** 
Sampling time*PP*Block 15 1.58 † 
NS, †, *, **, *** were non-significant, or significant at P ≤ 0.10, 0.05, 0.01, or 0.001 
respectively. 
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Figure 3.1: Carbon exchange rate measurements of NILs with either e1,e2,e3,E4,e5,E7 or 
E1,e2,e3,E4,e5,E7 alleles grown under ambient or ambient+3 treatments during 2004. Data are 
averages of two genetic backgrounds (Clark and Harosoy). Actual data points are the LS means 
shown as ‘rhombus’ (e1,e2,e3,E4,e5,E7) and ‘squares’ (E1,e2,e3,E4,e5,E7) among which empty 
symbols denote ‘ambient’ treatment whereas solid symbols denote ‘ambient+3’ treatments. 
Occurrence of R5 for each treatment combination is shown on the X-axis. Lines are the fitted 
data using Nlin procedure of SAS. 
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Figure  3.2: Electron Transport Rate of NILs with either e1,e2,e3,E4,e5,E7 or E1,e2,e3,E4,e5,E7 
E-gene alleles grown under ambient 0r ambient+3 photoperiod treatments during 2004. Data are 
averages of two genetic backgrounds (Clark and Harosoy). Actual data points are the LS means 
shown as ‘rhombus’ (e1,e2,e3,E4,e5,E7) and ‘squares’ (E1,e2,e3,E4,e5,E7) among which empty 
symbols denote ‘ambient’ treatment whereas solid symbols denote ‘ambient+3’ treatments. Lines 
are the fitted data using Nlin procedure of SAS. 
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Figure  3.3: Fv/Fm of NILs with either e1,e2,e3,E4,e5,E7 or E1,e2,e3,E4,e5,E7 E-gene alleles 
grown under ambient 0r ambient+3 photoperiod treatments during 2004. Data are averages of 
two genetic backgrounds (Clark and Harosoy). Actual data points are the LS means shown as 
‘rhombus’ (e1,e2,e3,E4,e5,E7) and ‘squares’ (E1,e2,e3,E4,e5,E7) among which empty symbols 
denote ‘ambient’ treatment whereas solid symbols denote ‘ambient+3’ treatments. Lines are the 
fitted data using Nlin procedure of SAS. 
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Figure  3.4: SPAD (Chlorophyll Concentration) of NILs with either e1,e2,e3,E4,e5,E7 or 
E1,e2,e3,E4,e5,E7 E-gene alleles grown under ambient 0r ambient+3 photoperiod treatments 
during 2004. Data are averages of two genetic backgrounds (Clark and Harosoy). Actual data 
points are the LS means shown as ‘rhombus’ (e1,e2,e3,E4,e5,E7) and ‘squares’ 
(E1,e2,e3,E4,e5,E7) among which empty symbols denote ‘ambient’ treatment whereas solid 
symbols denote ‘ambient+3’ treatments. Lines are the fitted data using Nlin procedure of SAS. 
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Figure  3.5: Leaf absorbance of NILs with either e1,e2,e3,E4,e5,E7 or E1,e2,e3,E4,e5,E7 E-gene 
alleles grown under ambient 0r ambient+3 photoperiod treatments during 2004. Data are 
averages of two genetic backgrounds (Clark and Harosoy). Actual data points are the LS means 
shown as ‘rhombus’ (e1,e2,e3,E4,e5,E7) and ‘squares’ (E1,e2,e3,E4,e5,E7) among which empty 
symbols denote ‘ambient’ treatment whereas solid symbols denote ‘ambient+3’ treatments. Lines 
are the fitted data using Nlin procedure of SAS except for amb treatment of e1,e2,e3,E4,e5,E7 
isoline where the three data points are simply connected. 
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Figure  3.6: Normalized difference vegetative index (NDVI_CW) of NILs with either 
e1,e2,e3,E4,e5,E7 or E1,e2,e3,E4,e5,E7 E-gene alleles grown under ambient 0r ambient+3 
photoperiod treatments during 2004. Data are averages of two genetic backgrounds (Clark and 
Harosoy). Actual data points are the LS means shown as ‘rhombus’ (e1,e2,e3,E4,e5,E7) and 
‘squares’ (E1,e2,e3,E4,e5,E7) among which empty symbols denote ‘ambient’ treatment whereas 
solid symbols denote ‘ambient+3’ treatments. Lines are the fitted data using Nlin procedure of 
SAS. 
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Figure  3.7: P light of NILs with either e1,e2,e3,E4,e5,E7 or E1,e2,e3,E4,e5,E7 E-gene alleles 
grown under ambient 0r ambient+3 photoperiod treatments during 2004. Data are averages of 
two genetic backgrounds (Clark and Harosoy). Actual data points are the LS means shown as 
‘rhombus’ (e1,e2,e3,E4,e5,E7) and ‘squares’ (E1,e2,e3,E4,e5,E7) among which empty symbols 
denote ‘ambient’ treatment whereas solid symbols denote ‘ambient+3’ treatments. Lines are the 
fitted data using Nlin procedure of SAS. 
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Figure  3.8: Carbon exchange rate measurements of NILs with either e1,e2,e3,E4,e5,E7 or 
E1,e2,e3,E4,e5,E7 alleles grown under ambient or ambient+3 treatments during 2005. Data are 
averages of two genetic backgrounds (Clark and Harosoy). Actual data points are the LS means 
shown as ‘rhombus’ (e1,e2,e3,E4,e5,E7) and ‘squares’ (E1,e2,e3,E4,e5,E7) among which empty 
symbols denote ‘ambient’ treatment whereas solid symbols denote ‘ambient+3’ treatments. 
Occurrence of R5 for each treatment combination is shown on the X-axis. Lines are the fitted 
data using Nlin procedure of SAS. 
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Figure  3.9: Electron Transport Rate measurements of NILs with either e1,e2,e3,E4,e5,E7 or 
E1,e2,e3,E4,e5,E7 alleles grown under ambient or ambient+3 treatments during 2005. Data are 
averages of two genetic backgrounds (Clark and Harosoy). Actual data points are the LS means 
shown as ‘rhombus’ (e1,e2,e3,E4,e5,E7) and ‘squares’ (E1,e2,e3,E4,e5,E7) among which empty 
symbols denote ‘ambient’ treatment whereas solid symbols denote ‘ambient+3’ treatments. Lines 
are the fitted data using Nlin procedure of SAS. 
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Figure  3.10: Fv/Fm measurements of NILs with either e1,e2,e3,E4,e5,E7 or E1,e2,e3,E4,e5,E7 
alleles grown under ambient or ambient+3 treatments during 2005. Data are averages of two 
genetic backgrounds (Clark and Harosoy). Actual data points are the LS means shown as 
‘rhombus’ (e1,e2,e3,E4,e5,E7) and ‘squares’ (E1,e2,e3,E4,e5,E7) among which empty symbols 
denote ‘ambient’ treatment whereas solid symbols denote ‘ambient+3’ treatments. Lines of the 
dominant E1 isoline are the fitted data using Nlin procedure of SAS while the lines for the 
recessive e1 isoline simply connected the data points. 
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Figure  3.11: SPAD (Chlorophyll concentration) measurements of NILs with either 
e1,e2,e3,E4,e5,E7 or E1,e2,e3,E4,e5,E7 alleles grown under ambient or ambient+3 treatments 
during 2005. Data are averages of two genetic backgrounds (Clark and Harosoy). Actual data 
points are the LS means shown as ‘rhombus’ (e1,e2,e3,E4,e5,E7) and ‘squares’ 
(E1,e2,e3,E4,e5,E7) among which empty symbols denote ‘ambient’ treatment whereas solid 
symbols denote ‘ambient+3’ treatments. Lines are the fitted data using Nlin procedure of SAS. 
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Figure  3.12: Leaf absorbance measurements of NILs with either e1,e2,e3,E4,e5,E7 or 
E1,e2,e3,E4,e5,E7 alleles grown under ambient or ambient+3 treatments during 2005. Data are 
averages of two genetic backgrounds (Clark and Harosoy). Actual data points are the LS means 
shown as ‘rhombus’ (e1,e2,e3,E4,e5,E7) and ‘squares’ (E1,e2,e3,E4,e5,E7) among which empty 
symbols denote ‘ambient’ treatment whereas solid symbols denote ‘ambient+3’ treatments. Lines 
are the fitted data using Nlin procedure of SAS. 
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Figure  3.13: NDVI (Normalized difference vegetative index) measurements of NILs with either 
e1,e2,e3,E4,e5,E7 or E1,e2,e3,E4,e5,E7 alleles grown under ambient or ambient+3 treatments 
during 2005. Data are averages of two genetic backgrounds (Clark and Harosoy). Actual data 
points are the LS means shown as ‘rhombus’ (e1,e2,e3,E4,e5,E7) and ‘squares’ 
(E1,e2,e3,E4,e5,E7) among which empty symbols denote ‘ambient’ treatment whereas solid 
symbols denote ‘ambient+3’ treatments. Lines are the fitted data using Nlin procedure of SAS. 
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Figure  3.14: P light measurements of NILs with either e1,e2,e3,E4,e5,E7 or E1,e2,e3,E4,e5,E7 
alleles grown under ambient or ambient+3 treatments during 2005. Data are averages of two 
genetic backgrounds (Clark and Harosoy). Actual data points are the LS means shown as 
‘rhombus’ (e1,e2,e3,E4,e5,E7) and ‘squares’ (E1,e2,e3,E4,e5,E7) among which empty symbols 
denote ‘ambient’ treatment whereas solid symbols denote ‘ambient+3’ treatments. Lines are the 
fitted data using Nlin procedure of SAS. 
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Figure 3.15: Accumulated growing degree days from flowering to R5, onset of leaf senescence 
and full senescence for NILs with either dominant (Solid arrow) or recessive (Broken arrow) E1 
alleles under A) Amb, and B) Amb+3 treatments of the year 2004. The data are averaged over 
two genetic backgrounds (‘Harosoy’ and ‘Clark’). Onset and full senescence are in terms of 
functional photosynthesis measurements. 
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Figure 3.16: Accumulated growing degree days from flowering to R5, onset of leaf senescence 
and full senescence for NILs with either dominant (Solid arrow) or recessive (Broken arrow) E1 
alleles under A) Amb, and B) Amb+3 treatments of the year 2005. The data are averaged over 
two genetic backgrounds (‘Harosoy’ and ‘Clark’). Onset and full senescence are in terms of 
functional photosynthesis measurements. 
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Chapter Four 
Comparison of gene expression pattern in E1 NILs that differ 
for time of onset of leaf senescence 
Introduction 
 The proper expression of a large number of genes is critical for normal growth and 
development of any organism. Gene expression is a highly complex and tightly regulated process 
that allows an organism or cell to respond dynamically both to environmental stimuli and to its 
own changing needs. This mechanism acts as both an "on/off" switch to control which genes are 
expressed in a cell as well as a "volume control" that increases or decreases the level of 
expression of particular genes as necessary. Microarray is a tool for analyzing gene expression 
that consists of a small membrane or glass slide containing oligo nucleotides of many genes 
arranged in a regular pattern. Unlike traditional methods of gene assay expression where only 
few genes can be studied at a time, microarrays allow scientists to analyze expression of many 
genes in a single experiment quickly and efficiently. A microarray works by exploiting the 
ability of a given mRNA molecule to bind specifically to, or hybridize to, the DNA template to 
which it originally belonged. By using an array containing many DNA samples, scientists can 
determine, in a single experiment, the expression levels of hundreds or thousands of genes within 
a cell by measuring the amount of mRNA bound to each site on the array. With the aid of a 
computer, the amount of mRNA bound to the spots on the microarray is precisely measured, 
generating a profile of gene expression in the cell. 
 The availability of a soybean genome array made this experiment possible (Gene chip 
soybean genome array, Affymetrix, Santa Clara, CA). The genechip soybean genome array 
consisted of approximately 37,500 soybean transcripts, 15,800 water mold Phytophthora sojae  
(Kaufmann and Gerdemann) transcripts and 7,500 cyst nematode Heterodera glycines (Ichinohe) 
transcripts. The objectives of this study were; 1) to evaluate the differential expression pattern of 
genes in near isogenic lines of ‘Harosoy’ that differ for the allele at the E1 locus grown under 
extended day length; 2) to identify key genes involved in either the down regulation of 
photosynthesis or leaf senescence.  
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Material and Methods  
 The field experiment was conducted at the University of Kentucky’s Spindletop 
research facility in Lexington Kentucky (38oN; 840W) in 2004 and 2005.  The soil at this 
location was a Maury silt loam (fine, mixed, semiactive, mesic Typic Paleudalfs).   
The treatments consisted of two photoperiods and a set of 2 soybean E-gene NILs (Table 
4.1).  The two photoperiod treatments were imposed following the initiation of flowering in all 
NILs (Fig. 2.1).  In order to obtain synchronous flowering, the Stewart et al. (2003) gene based 
flowering model was used together with 20 years of historical weather data for the region to 
determine the optimum planting dates.  Plots were hand planted at double density and thinned 
back to achieve approximately 370,000 plants ha-1.  The plots were 4 m long and 6 rows wide, 
with a 0.38 m row spacing.  
The soil test recommendations did not require application of any fertilizer or lime in 2004 
or 2005. The pH was 6.4. 
Weed control was achieved using a combination of pre-plant incorporated Canopy XL 
(sulfentrazone+chlorimuron; DuPont Crop Protection, Willmington, DE) 455 g ha-1 and Dual II 
Magnum (S-metalachlor+benoxacor; Syngenta Crop Protection, Greensboro, NC) 1.55 L ha-1 in 
early May of both the years. Weeds were also removed using a hoe during the season. In 2005, 
Japanese beetles (Popillia japonica Newman) were controlled by spraying 1.9 L acre-1 of Sevin 
(22.5% Carbaryl [1-naphthyl N methyl carbamate]; Bayer Crop Science, Research Triangle Park, 
NC).   
The experimental design was a randomized complete block, split-plot design with three 
replications each year.  The main plots were the two photoperiod treatments; i) ambient day 
length (Amb) and ii) ambient plus 3h incandescent day length extension (Amb+3) (Fig. 2.1).  
The two photoperiod treatments commenced after all genotypes had flowered and continued until 
maturity (R8).  The main plots were separated by large sheets of black plastic laid over PVC 
pipes hammered into the ground.  The PVC structures were built at least 6 m from the plots in 
order to avoid shading.  The black plastic was maintained from flowering until maturity.  Sudan 
grass was planted on both sides of the black plastic to strengthen the structures so that they could 
withstand strong winds. Incandescent bulbs (100 watts) were suspended 2 m above the ground.  
One bulb was suspended above each plot in 2004 and two bulbs were suspended above each plot 
in 2005 using heavy gauge wire and anchored at the ends by large wooden posts driven into the 
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ground by a tractor mounted post driver.  The red-far red ratio (660/730) of the incandescent 
bulbs was 0.58 in 2004 and 0.51 in 2005, measured 1m above the ground on a moonless night 
using a spectroradiometer (EPP2000 VIS-NIR, Stellarnet, Inc., Tampa, FL).  
Tissue Sampling and analysis 
 Leaf tissues were collected from all of the isolines and treatments in both years when the 
photosynthetic rates among isolines in the Amb+3 treatment showed the greatest difference. 
Only tissue from lines with a ‘Harosoy’ background from the Amb+3 treatment in 2004 were 
used for the micro-array experiment (Table 4.1). The genotypes were selected on the basis of 
which loci would likely have the greatest influence on senescence. From the previous chapters of 
this thesis the dominant E1 allele had the greatest influence on leaf senescence and therefore 
isolines from Table 4.1 were selected for this micro-array experiment. 
 In 2004, tissues were collected 680 GDD after induction of the photoperiod treatment. 
Two sub-samples were taken from each plot. Tissues were collected from the top 2nd or 3rd fully 
expanded leaf. Approximately 0.5 g of leaf tissue per sample was collected, avoiding the mid rib 
region, wrapped in aluminum foil and submerged in liquid nitrogen immediately. Samples were 
stored in a -800 C freezer until RNA was extracted for further analysis. Tissue sampling was 
always done on a sunny day around 11AM in the morning.  
 Total RNA extraction from frozen leaf tissues was carried out using a method modified 
from Puissant and Houdebine (Puissant and Houdebine, 1990). About 0.3 g of leaf tissue was 
ground in liquid nitrogen and mixed and homogenized with 5 ml of extraction buffer (4 M 
guanidinium thiocyanate, 25 mM sodium citrate pH7, 0.5% sarkosyl, 0.1 M 2-mercaptoethanol), 
to which 0.5 ml of 2 M sodium acetate pH 4, 5 ml water-saturated phenol, and 1 ml of 
chloroform were subsequently added (vortexed after each addition). The aqueous phases were 
separated by centrifugation (10000xg, 10 min) and mixed with an equal volume (ca. 6 ml) of 
isopropanol by inverting the tube several times. After sitting at −200C for more than 1 h, the 
RNAs were pelleted (3000xg, 10 min) and resuspended in 2 ml of CES (10 mM sodium citrate 
pH 7, 1 mM EDTA, 0.5% SDS). The resuspension was mixed with 2 ml of chloroform. The 
RNAs in the aqueous phase (3000Xg, 10 min) were precipitated by isopropanol and redissolved 
in 50–200 μl CES (See Appendix for detailed protocol). 
 Total RNA was purified using RNeasy spin columns (Quiagen, Valencia, CA). These 
columns have a silica gel based membrane to which RNA molecules longer than 200 bases bind 
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when mixed along with ethanol and buffer RLT (this buffer has highly denaturing guanidinium 
isothiocyanate which inactivates RNases). At this time, remaining DNA was removed using 
RNase-free DNase enzyme (Quiagen, Valencia, CA) by adding it onto the membrane along with 
buffer RDD. After 15 minutes of digestion the membrane is washed with buffer RPE two times 
before it was dried by spinning (See Appendix for detailed protocol by Quiagen, Valencia, CA). 
Purified total RNA was then eluted with RNase free water and stored at -80 0C until micro array 
analysis. 
 The first step in micro array analysis is to reverse transcribe total RNA to c-DNA. 
Subsequently the c-DNA was hybridized to an Affymetrix soybean genome chip. Gene 
expression patterns were analyzed using Array Assist software (Stratagene, ver. 3.2). 
Results & Discussion 
 Data were analyzed using Array Assist software (Stratagene, ver. 3.2). Transcripts that 
were expressed 4 fold differently (P=0.01) were listed for further investigation. Probe sequences 
were blasted in the NCBI data base and if they had similarity with any characterized genes, they 
were further short listed. Among the known genes that were differentially expressed, known 
senescence related genes are listed in table 4.2. There were 360 transcripts differentially 
expressed (P=0.01) among which 230 were unknown. Among these 360 transcripts about 200 
were up regulated with the recessive e1 allele and the rest were down regulated (Table A1 for 
complete list). A volcano plot (Fig. 4.1) shows the expression pattern of genes among NILs.  
 Differential expression can be attributed to differences in the physiological condition of 
the isolines. The isoline with the recessive e1 allele was physiologically and developmentally 
advanced compared to the isoline with the dominant E1 allele. At the time of tissue sampling the 
photosynthesis measurements were declining (17 µmolS-1) for the recessive e1 allele while they 
were constant (25 µmol S-1) for the dominant E1 allele. Both isolines were at R5, but the isoline 
with the dominant E1 allele entered it 100 GDD later than isoline with the recessive e1 allele. 
This delay in reproductive development delayed onset of leaf senescence in the dominant E1 
allele. Hence different profiles of genes were expressed in both isolines.  
 Senescence associated gene (SAG 21), soybean nodule senescence gene and WRKY 40 
transcription factor are among the genes that were up regulated with the recessive e1 allele 
(Table 4.2). Some of the photosynthesis and chlorophyll related genes along with Expansin and 
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Actin proteins which are involved in cell wall construction were down regulated with the 
recessive e1 allele. These observations clearly show the molecular evidence for leaf senescence 
in the isoline with the recessive e1 allele. With this data it is premature to say which genes are 
involved in the onset of senescence and hence more work needs to be done to elucidate the 
molecular factors involved in triggering leaf senescence. Interestingly, many transcription factors 
and DNA binding factors were found differentially expressed (Table A3) which may have a role 
in leaf senescence.  
 In the future, the expression pattern of some of the above mentioned genes should be 
monitored with Quantitative PCR to better understand their role in leaf senescence. It is 
especially important to know when a particular gene starts to up regulate or down regulate and 
physiological changes associated with its expression to confer its role in leaf senescence.  
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Table 4.1: Isolines used for micro-array analysis in 2004 
 
 Genotype (Harosoy background) 
 E1,e2,e3,E4,e5,E7 e1,e2,e3,E4,e5,E7 
 ------------------ Phenotype------------------- 
Extended day 
(ambient + 3h) 
Delayed senescence Early senescence 
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Table 4.2: Some of the key genes that were differentially expressed after 680 GDD of treatment 
induction in 2004. 
S.No Gene ID Fold Index* 
(e1/E1) 
P-value Function or Similarity 
1 Gma.9996.1.S1_at          3.5 0.009 SAG21 (Senescence-
Associated Gene 21) 
2 Gma.1716.1.S1_at                 3.4 0.006 Soybean nodule 
senescence 
3 Gma.153.1.S1_at                  2.7 0.001 Electron Transport 
4 GmaAffx.91768.1.S1_s_at       2.5 0.008 WRKY40; transcription factor 
5 
Gma.4300.1.S1_at                 
2.4 0.008 
Chalcone synthase 
6 
GmaAffx.56436.1.S1_s_at       
2.4 0.003 
electron carrier 
7 
GmaAffx.92964.1.S1_at           
2.4 0.005 MYB62; DNA binding / 
transcription factor 
8 
GmaAffx.90306.1.S1_at           
2.3 0.002 
electron carrier 
9 Gma.17874.1.A1_at                2.2 0.009 Regulation of transcription 
10 Gma.17567.1.A1_at                -2.0 0.002 senescence-associated 
protein-related 
11 Gma.12488.1.S1_at                -2.0 0.007 putative photosystem II core 
complex proteins psbY, 
chloroplast precursor (L-
arginine metabolising 
enzyme) (L-AME) 
12 Gma.13823.1.A1_at                -2.3 0.007 LHCA2; chlorophyll binding : 
photosynthesis, light 
harvesting in photosystem I    
13 
Gma.1514.1.S1_s_at               
-2.3 0.002 
cytokinin receptor activity 
14 
Gma.15939.1.S1_at                
-2.3 0.005 DNA binding / transcription 
factor 
15 Gma.15000.1.S1_at                -2.4 0.005 calcium ion binding : 
photosynthesis, light reaction 
16 Gma.13823.2.A1_s_at              -2.4 0.005 LHCA2; chlorophyll binding : 
photosynthesis, light 
harvesting in photosystem I    
17 Gma.1277.3.A1_s_at               -2.9 0.006 ACTIN 1:structural 
constituent of cytoskeleton 
[Arabidopsis thaliana] 
18 Gma.12032.1.S1_at                -3.3 0.01 unknown protein & 
NP_564589: photosystem II 
5 kD protein 
19 Gma.2590.1.A1_s_at               -4.2 0.005 auxin down regulated 
20 Gma.14976.2.S1_at                -6.6 0.003 ATEXPA4 (Arabidopsis 
thaliana EXPANSIN A4) 
*   Logrithmic scale 
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 P=0.01 
 
        
 
 
 
                                                >4 fold differential expression 
 
Figure 4.1: Volcano plot showing nearly 360 transcripts (in red) with 4 fold differential 
expression (P=0.01) between recessive and dominant E1 NILs (Harosoy) grown under Amb+3 
treatment in 2004. Leaf tissues were collected 680 GDDs after treatment induction. Scale on X-
axis is logrithmic. 
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 Chapter Five 
Influence of E-genes and photoperiod on yield and yield 
components 
 
Introduction 
 Seed and pod numbers are important yield components in the soybean crop. The yield of 
a soybean crop is usually source-limited during the critical period of seed number determination 
(Egli, 1998). Seed number is determined by the size and activity of the source i.e., availability of 
photosynthates during critical period. Any measure to increase canopy photosynthesis and crop 
growth rate during the critical period should result in increased seed number (Egli, 1998). The 
critical period in soybean begins at flowering and extends through pod set (R4) (Jiang and Egli, 
1995). Redistribution of N from the vegetative plant parts resulting in leaf senescence may limit 
the duration of the grain filling period and consequently yield (Sinclair and Dewit, 1976).  
 A set of independent E loci in soybean regulate time to flowering and maturity mediated 
by photoperiod (Cober et al., 1996). Dominant alleles at E1, E3 and E4 loci delay the onset and 
duration of seed fill and maturity under extended daylength (Curtis et al., 2000). Extended seed 
fill duration and delayed maturity could result in increased biomass and seed yield (Asumadu et 
al., 1998). Cultivars of later maturity groups show more sensitivity to photoperiod and produce 
more nodes; mainly on branches and have increased node fertility under long days (Kantolic and 
Slafer 2001).  
 The objectives of this study are 1) to investigate the impact of duration of critical period 
(R1 to R4) on seed number produced; and 2) to investigate the impact of delayed reproductive 
development on dry matter (DM) accumulation, yield and partitioning.  
Materials and Methods 
The field experiment was conducted at the University of Kentucky’s Spindletop research 
facility in Lexington Kentucky (38oN; 840W) in 2004 and 2005.  The soil at this location was a 
Maury silt loam (fine, mixed, semiactive, mesic Typic Paleudalfs).   
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The treatments consisted of two photoperiods and a set of 5 soybean E-gene NILs (Table 
2.1).  The two photoperiod treatments were imposed following the initiation of flowering in all 
NILs (Fig 2.1).  In order to obtain synchronous flowering, the Stewart et al. (2003) gene based 
flowering model was used together with 20 years of historical weather data for the region to 
determine the optimum planting dates.  All genotypes flowered within 8 days of one another.    
Plots were hand planted at double density and thinned back to achieve approximately 370, 000 
plants ha-1.  The plots were 4 m long and 6 rows wide with a 0.38 m row spacing.  
 The soil test recommendations did not require application of any fertilizer or lime in 
2004 or 2005. The pH was 6.4. 
Weed control was achieved using a combination of pre-plant incorporated Canopy XL 
(sulfentrazone+chlorimuron; DuPont Crop Protection, Willmington, DE) 455 g ha-1 and Dual II 
Magnum (S-metalachlor+benoxacor; Syngenta Crop Protection, Greensboro, NC) 1.55 L ha-1 in 
early May of both the years. Weeds were also removed using a hoe during the season. In 2005, 
Japanese beetles (Popillia japonica Newman) were controlled by spraying 1.9 L acre-1 of Sevin 
(22.5% Carbaryl [1-naphthyl N methyl carbamate]; Bayer Crop Science, Research Triangle Park, 
NC).  
The experimental design was a randomized complete block, split-plot design with three 
replications each year.  The main plots were the two photoperiod treatments; i) ambient day 
length (Amb) and ii) ambient plus 3h incandescent day length extension (Amb+3) (Fig. 2.1).  
The two photoperiod treatments commenced after all genotypes had flowered and continued until 
maturity (R8).  The main plots were separated by large sheets of black plastic laid over PVC 
pipes hammered into the ground.  The PVC structures were built at least 6 m from the plots in 
order to avoid shading.  The black plastic was maintained from flowering until maturity.  Sudan 
grass was planted on both sides of the black plastic to strengthen the structures so that they could 
withstand strong winds. Incandescent bulbs (100 watts) were suspended 2m above the ground.  
One bulb was suspended above each plot in 2004 and two bulbs were suspended above each plot 
in 2005 using heavy gauge wire and anchored at the ends by large wooden posts driven into the 
ground by a tractor mounted post driver.  The red-far red ratio (660/730) of the incandescent 
bulbs was 0.58 in 2004 and 0.51 in 2005, measured 1m above the ground on a moonless night 
using a spectroradiometer (EPP2000 VIS-NIR, Stellarnet, Inc., Tampa, FL).  
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 Data collection and analysis 
 Harvest index samples were collected at the R8 stage (harvest maturity). A two foot 
length of a middle row representative of the plot was cut at the ground level and plant counts 
taken. The number of nodes were also counted for each plant and averaged for two foot of row. 
Pods were separated from the rest of the plant and counted. Eventually seeds were separated 
from the pods by hand crushing. The rest of the plant including pod walls was dried to constant 
weight. Seeds were counted with a seed counter and weighed before and after drying to constant 
weight. In 2004 the complete seed sample was not dried and instead a subset of 200 seeds were 
counted and dried. Seed moisture and mass/seed were calculated for the subset and used for 
calculating seed moisture for the entire sample. Grain yields were determined by harvesting four 
middle rows of the plots with a small plot combine. The apparent harvest index (AHI) was 
calculated as the ratio of seed weight to total biomass at the time of harvest which excludes any 
leaves that senesced during the season.  
Statistical analyses were carried out using the Proc Mixed and Proc Glm procedures of 
SAS (SAS ver. 9.1, SAS institute, Cary, NC). All the cases of year to year heterogeneity and 
homogeneity of variance components for blocks, main plot errors and sub plot errors were fitted 
and out of the eight possible resulting variance and co-variance structures the one showing the 
smallest value for AIC (AKAIKE Information Criterion) for the majority of variables was 
chosen as the variance-co-variance structure to be used for the combined analyses. 
Results 
 With the combined analysis of two years of data we noticed an interaction between year 
and isolines for most of the variables including grain yield, number of nodes per plant, and total 
biomass (data not shown). Hence the years were analyzed separately for all variables for 
consistency. As mentioned earlier the ‘PROC Mixed’ procedure of SAS was used to analyze the 
data, to test for the significance of variances, to generate LS Means and to test the contrasts. 
Least significant difference values were hand calculated using t-tables. 
 In the combined analysis isoline effects were significant (P≤0.01) for all the variables 
tested while photoperiod effects were significant only for total biomass (P≤0.1) and number of 
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nodes per plant (P≤0.001). The interaction effect was significant for apparent harvest index 
(AHI) (P≤0.01) and number of nodes per plant (P≤0.001) (Table 5.1). 
Year 2004 
 During 2004 E-genes affected yield and yield components significantly. For the isolines 
total biomass and number of pods per plant were significant at P≤0.05, grain yield was 
significant at P≤0.01 and the other variables like AHI, mass/seed, seed number per ha, number of 
seeds per pod, and number of nodes per plant were significant at P≤0.001. On the other hand the 
extended photoperiod treatment did not show significance except for number of seeds per pod 
(P≤0.1), and number of nodes per plant (P≤0.05). The interaction between E-genes and 
photoperiod treatment was also not significant except for grain yield and number of nodes per 
plant (P≤0.1) (See Table 5.2A for detailed ANOVA).  
Year 2005 
 The treatment effects and interactions were similar to 2004. During 2005 E-genes 
significantly affected the yield and yield components except the mass/seed. Grain yield was 
significant at P≤0.01 whereas all other variables were significant at P≤0.001. The photoperiod 
treatment significantly affected AHI (P≤0.05), total biomass (P≤0.1), and number of nodes per 
plant (P≤0.01) but not the other parameters. The interaction between E-genes and photoperiod 
was significant only for AHI (P≤0.01) and number of nodes per plant (P≤0.001) (See Table 5.2B 
for detailed ANOVA). 
Discussion 
 Plants grown under long days produced more nodes on the main stem except the 
photoperiod insensitive isoline (e1, e2, e3, e4, e5, e7). E-genes also had an impact on the number 
of nodes where the dominant E1 allele produced more nodes under both photoperiods and in 
both years compared to the recessive e1 allele (Tables 5.3 and 5.4). These results agree with 
those of previous researchers (Kantolic and Slafer 2001). Background was significant only for 
the dominant E1 allele in the extended day length treatment where the ‘Harosoy’ isoline 
produced more nodes than its counterpart in ‘Clark’ (Tables 5.3 to 5.6 and Fig. 5.9). In general 
the isolines produced more nodes in 2005 compared to 2004, this could be due to the difference 
in the weather conditions. This photoperiod mediated impact of E-genes could be explained as 
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the ability of dominant E loci to put on new vegetative growth even after flowering. This ability 
was intensified by the presence of a dominant E1 allele, extended photoperiod treatment and 
‘Harosoy’ background.  
 As discussed in chapter 2, the critical pod development period (R1 to R4) was 
significantly affected by E-genes (especially dominant E1 allele) and photoperiod treatments in 
2005 and only E-genes in 2004. Extension of the critical period is just not enough to increase 
seed number since it has to be backed up by the constant supply of photosynthates to the 
reproductive parts. In other words, seed number per plant depends upon duration of the critical 
period and assimilate supply (Egli, 1998). Photoperiod does not affect crop growth rate directly 
but regulates the duration of most phases of soybean development (Raper and Kraemer, 1987). 
Delays in the critical period forces subsequent developmental stages (like SFP and seed 
maturation stages) to occur under conditions where temperature and solar radiation may be 
limited for crop growth rate (CGR), this may negate the effects of extended photoperiods with 
respect to grain yield and total biomass. In this experiment (chapter 2), the total reproductive 
period was extended in the presence of dominant E1 allele (for ‘Harosoy’ isoline in 2004, ‘Clark’ 
isoline in 2005 and both isolines in extended photoperiod treatment of both years) and with the 
extended photoperiod treatment.  
 Total biomass accumulated by the isolines were different among the E-genes and 
photoperiod treatment but not all the treatments were statistically significant. Differences were 
more pronounced in 2005 compared to 2004. In 2004, the dominant E1 allele in a ‘Clark’ 
background accumulated more biomass compared to its counterpart with the recessive e1 allele 
(Table 5.3). Even though the dominant E1 allele in a Harosoy background in 2004 had the 
longest reproductive period (925, 1055 GDD under Amb, Amb+3 treatments respectively), it did 
not accumulate more biomass (5.78, 5.85 MGha-1 under Amb, Amb+3 treatments, respectively) 
as expected because of a possibly low CGR for that treatment. Differences due to the 
photoperiod treatment were seen for all the isolines in both years but they were not statistically 
significant. Differences were mainly due to the increased number of main stem nodes with 
delayed development.  
Grain yield is the product of total biomass and apparent harvest index (AHI). Unlike with 
total biomass, AHI decreased significantly for dominant E1 allele due to extended photoperiod 
treatment in 2005, similar trend was observed for the other isolines in 2005 while only small 
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differences were seen in 2004 (Tables 5.3, 5.4 and Fig. 5.2, 5.5). The dominant E1 allele in a 
‘Harosoy’ background had the lowest AHI values in both years and accumulated more biomass 
in 2005. This suggests that the accumulated biomass was not efficiently converted to grain yield. 
This may be because of sink size or genetic regulation. In general lines with the dominant E1 
allele had lower AHI values compared to the recessive e1 allele, which might explain differences 
in the grain yields. Grain yields were not significantly affected by the photoperiod treatment. E-
genes significantly affected grain yield in 2004 where the recessive e1 allele out yielded lines 
with the dominant E1 allele under the extended photoperiod treatment (Tables 5.3, 5.4 and Fig. 
5.3, 5.6). This was partly due to low AHI for the isolines with the dominant E1 allele.  
Grain yield also depends on the seed number per unit area and mass/seed. Seed number 
per hectare was significantly (P≤0.001) correlated with the seed yield (r=0.60 in 2004 and r=0.61 
in 2005). The dominant E1 allele in a ‘Harosoy’ background had significantly fewer seeds 
compared with its counterpart in a ‘Clark’ background. On the other hand the dominant E1 allele 
in a ‘Clark’ background had more seeds than any other isoline in both photoperiod treatments 
and in both years (Tables 5.3, 5.4 and Fig. 5.8).  
In general the isolines produced more seed in 2005 compared to 2004. The photoperiod 
effect was not significant for any isoline in any year. Mass/seed was calculated from the 1000 
seed weight and was significantly affected due to E-genes in  2004. The ‘Harosoy’ isolines had 
more mass/seed compared with their equivalents in a ‘Clark’ background in 2004. A similar 
trend for dominant E1 alleles in 2005 was seen but had no statistical significance. A greater seed 
number and lower mass/seed for the dominant E1 allele in the ‘Clark’ isoline still resulted in a 
higher grain yield compared to its ‘Harosoy’ counterpart which had a low seed number and high 
mass/seed. This was clearly because of the greater accumulated biomass and higher AHI for the 
dominant E1 allele in the ‘Clark’ isoline. Sometimes the number of pods per plant and number of 
seeds per pod can help explain some of the discrepancies in the grain yields. The isolines had 
significant differences in both pods per plant and seeds per pod. Photoperiod did not significantly 
affect these in either year.   
Differences in pods per plant were more robust and significant in the extended 
photoperiod treatment in 2005 compared to 2004. Isolines with the dominant E1 allele produced 
more pods per plant compared to isolines with the recessive e1 allele (Tables 5.3, 5.4 and Fig. 
5.10). Isolines, especially those with the dominant E1 allele produced more pods per plant under 
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extended photoperiod treatment due to the availability of more main stem nodes. Isolines in a 
‘Clark’ background had significantly more seeds per pod compared to their ‘Harosoy’ 
counterparts (Tables 5.3 to 5.6 and Fig. 5.11).  
 In summary, isolines with a ‘Harosoy’ background had an extended critical period for 
seed number determination but this did not correlate with the seed number produced per hectare, 
contrary to previous reports. This may be due to genetic factors in both backgrounds. Total 
biomass accumulation had mixed effects in the two years and it correlated with reproductive 
duration of the isolines in 2005. The higher grain yields of ‘Clark’ isolines with the dominant E1 
allele compared to their counterparts in a ‘Harosoy’ background may have resulted from the 
greater seed number produced per hectare.  
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Table 5.1: ANOVA for Yield and Yield components of Isolines based on 2 years combined data. 
NS, †, *, **, *** were non-signifi
Source DF AHI Grain 
yield 
(MGha-1) 
Mass/seed 
(mg/seed) 
Total 
Biomass 
(MGha-1) 
Seed 
number 
per ha 
# of 
Pods/ 
plant 
# of 
seeds/ 
pod 
# of 
Nodes 
/plant 
Year 1 ns ns ns ns † ns ns ** 
Block(Year) 2 ns ns ** ns † ns *** * 
PhotoPeriod (PP) 1 ns ns ns † ns ns ns *** 
Isoline 4 *** *** ** *** *** *** *** *** 
PP*Isoline 4 ** ns ns ns ns ns ns *** 
cant, or significant at P ≤ 0.10, 0.05, 0.01, or 0.001 respectively.  
Year*PP*Isoline 4 † ns ns ns ns ns ns * 
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Table: 5.2A: ANOVA for Yield and Yield components data collected in 2004. 
Source DF AHI Grain yield  
(MGha-1) 
Mass/seed 
(mg/seed) 
Total 
Biomass 
(MGha-1) 
Seed 
number per 
ha 
# of 
Pods/ 
plant 
# of seeds/ 
pod 
# of 
Nodes 
/plant 
Block 2 ns ** * † ns ns ns ** 
PhotoPeriod 
(PP) 
1 ns ns ns ns ns ns † * 
Isoline 4 *** ** *** * *** * *** *** 
PP*Isoline 4 ns † ns ns ns ns ns † 
 
 
 
Table: 5.2B: ANOVA for Yield and Yield components data collected in 2005. 
Source DF AHI Grain yield  
(MGha-1) 
Mass/seed 
(mg/seed) 
Total 
Biomass 
(MGha-1) 
Seed 
number per 
ha 
# of 
Pods/ 
plant 
# of seeds/ 
pod 
# of 
Nodes 
/plant 
Block 2 ns ns ** ns ** ns *** ns 
PhotoPeriod 
(PP) 
1 * ns ns † ns ns ns ** 
Isoline 4 *** ** ns *** *** *** *** *** 
PP*Isoline 4 ** ns ns ns ns ns ns *** 
NS, †, *, **, *** were non-significant, or significant at P ≤ 0.10, 0.05, 0.01, or 0.001 respectively. 
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Table 5.3: LSMeans for Yield and Yield components of Isolines in 2004. 
 Genetic 
Background 
Isoline AHI Grain 
yield  
(MGha-1) 
Mass/seed 
(mg/seed) 
Total 
Biomass 
(MGha-1)
Seed 
number 
per ha 
# of 
Pods/ 
plant 
# of 
seeds/ 
pod 
# of 
Nodes 
/plant 
(%) 
Amb Harosoy e1,e2,e3,e4,e5,e7 55.4 2.95 151 5.30 1.62E+07 25.5 2.18 10.0
 Harosoy e1,e2,e3,E4,e5,E7 52.5 3.10 161 5.88 1.66E+07 24.6 2.15 11.8
 Clark e1,e2,e3,E4,e5,E7 54.7 2.68 132 4.88 1.84E+07 22.7 2.46 11.4
 Harosoy E1,e2,e3,E4,e5,E7 46.3 2.68 148 5.78 1.54E+07 31.4 2.18 15.6
 Clark E1,e2,e3,E4,e5,E7 51.7 3.08 128 5.95 2.15E+07 27.1 2.47 14.5
Amb+3 Harosoy e1,e2,e3,e4,e5,e7 55.9 2.85 162 5.11 1.62E+07 25.4 2.24 10.6
 Harosoy e1,e2,e3,E4,e5,E7 52.3 3.47 182 6.63 1.66E+07 20.9 2.28 12.9
 Clark e1,e2,e3,E4,e5,E7 57.7 3.49 158 6.06 1.85E+07 23.4 2.57 12.6
 Harosoy E1,e2,e3,E4,e5,E7 45.5 2.66 156 5.85 1.54E+07 28.3 2.20 18.4
 Clark E1,e2,e3,E4,e5,E7 49.8 3.28 130 6.64 2.15E+07 29.9 2.46 15.9
Within photoperiod treatment 3.7 0.45 17.1 0.99 2.37E+06 7.3 0.16 1.0
 
LSD (0.05) 
Between photoperiod treatments 4.3 0.77 25.5 1.19 2.26E+06 7.6 0.16 1.1
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Table 5.4: LSMeans for Yield and Yield components of Isolines in 2005. 
 
 Genetic 
Background 
Isoline AHI 
(%) 
Grain 
yield  
(MGha-1) 
Mass/seed 
(mg/seed) 
Total 
Biomass 
(MGha-1)
Seed 
number 
per ha 
# of 
Pods/ 
plant 
# of 
seeds/ 
pod 
# of 
Nodes 
/plant 
Amb Harosoy e1,e2,e3,e4,e5,e7 51.5 2.49 123 4.67 1.65E+07 21.0 2.89 11.4
 Harosoy e1,e2,e3,E4,e5,E7 51.4 3.24 141 6.31 2.04E+07 25.2 2.51 12.6
 Clark e1,e2,e3,E4,e5,E7 55.5 3.09 141 5.57 2.04E+07 21.1 2.99 12.4
 Harosoy E1,e2,e3,E4,e5,E7 47.6 3.34 151 7.14 1.95E+07 30.4 2.28 17.7
 Clark E1,e2,e3,E4,e5,E7 54.6 3.56 130 6.52 2.48E+07 25.9 3.01 15.8
Amb+3 Harosoy e1,e2,e3,e4,e5,e7 56.6 2.61 148 4.62 1.61E+07 18.8 2.55 10.6
 Harosoy e1,e2,e3,E4,e5,E7 48.7 3.22 142 6.61 2.00E+07 25.6 2.62 14.1
 Clark e1,e2,e3,E4,e5,E7 53.4 3.35 142 6.30 1.99E+07 24.6 2.93 13.9
 Harosoy E1,e2,e3,E4,e5,E7 39.2 2.97 141 7.58 1.90E+07 39.6 1.99 22.5
 Clark E1,e2,e3,E4,e5,E7 48.6 3.79 135 7.77 2.43E+07 34.6 2.69 19.9
1.5Within photoperiod treatment 4.8 0.78 34.8 1.32 2.53E+06 9.3 0.42LSD 
(0.05) Between photoperiod treatments 4.8 0.78 38.8 1.32 6.19E+06 9.5 0.59 1.4
 
Table 5.5: Contrasts for Yield and Yield components in 2004. 
Contrast AHI Grain 
yield  
(MGha-1) 
Mass/seed
 (mg/seed)
Total 
Biomass 
(MGha-1) 
Seed 
number 
per ha 
# of 
Pods/ 
plant 
# of 
seeds/ 
pod 
# of 
Nodes 
/plant 
e1 Vs E1 *** * *** ns ns ** ns *** 
Background *** ns *** ns *** ns *** *** 
e4, e7 Vs 
E4, E7 in 
Harosoy 
ns ns † ns † ns *** *** 
e1 Vs E1 
under Amb ** ns ns ns ns * ns *** 
Background 
under Amb ** ns *** ns *** ns *** * 
e4, e7 Vs 
E4, E7 in 
Harosoy 
under Amb 
ns ns * ns † ns ** * 
e1 Vs E1 
under 
Amb+3 
*** ** *** ns ns ** † *** 
Background 
under 
Amb+3 
*** * *** ns *** ns *** *** 
e4, e7 Vs 
E4, E7 in 
Harosoy 
under 
Amb+3 
ns ** ns † † ns *** *** 
NS, †, *, **, *** were non-significant, or significant at P ≤ 0.10, 0.05, 0.01, or 0.001 
respectively. 
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Table 5.6: Contrasts for Yield and Yield components in 2005. 
Contrast AHI Grain 
yield  
(MGha-1) 
Mass/seed
 (mg/seed)
Total 
Biomass 
(MGha-1) 
Seed 
number 
per ha 
# of 
Pods/ 
plant 
# of 
seeds/ 
pod 
# of 
Nodes 
/plant 
e1 Vs E1 *** ns ns ** † *** * *** 
Background *** ns ns ns ** ns *** ** 
e4, e7 Vs 
E4, E7 in 
Harosoy 
ns * ns ** ** ns ns *** 
e1 Vs E1 
under Amb ns ns ns † † ns ns *** 
Background 
under Amb ** ns ns ns ** ns *** * 
e4, e7 Vs 
E4, E7 in 
Harosoy 
under Amb 
† ns ns ns ** ns ns ns 
e1 Vs E1 
under 
Amb+3 
*** ns ns * † *** ** *** 
Background 
under 
Amb+3 
*** † ns ns ** ns ** ** 
e4, e7 Vs 
E4, E7 in 
Harosoy 
under 
Amb+3 
ns † ns * ** ns † *** 
NS, †, *, **, *** were non-significant, or significant at P ≤ 0.10, 0.05, 0.01, or 0.001 
respectively. 
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Figure 5.1: Bar chart showing total biomass accumulated by the isolines during 2004. The letters 
‘C’ and ‘H’ associated with number of dominant alleles on the ‘X-axis’ denotes Clark and 
Harosoy backgrounds respectively. The bars represent standard error. 
 
 
 
 
 
 
 
 
 
 
 93
010
20
30
40
50
60
70
0H 2C 2H 3C 3HNumber of Dominant alleles
A
pp
ar
en
t H
ar
ve
st
 In
de
x
Amb
Amb+3
 
 
 
 
Figure 5.2: Bar chart showing Apparent Harvest Index for the isolines in 2004. The letters ‘C’ 
and ‘H’ associated with number of dominant alleles on the ‘X-axis’ denotes Clark and Harosoy 
backgrounds respectively. The bars represent standard error. 
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Figure 5.3: Bar chart showing grain yield of the isolines in 2004. The letters ‘C’ and ‘H’ 
associated with number of dominant alleles on the ‘X-axis’ denotes Clark and Harosoy 
backgrounds respectively. The bars represent standard error. 
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Figure 5.4: Bar chart showing total biomass accumulated by the isolines during 2005. The letters 
‘C’ and ‘H’ associated with number of dominant alleles on the ‘X-axis’ denotes Clark and 
Harosoy backgrounds respectively. The bars represent standard error. 
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Figure 5.5: Bar chart showing Apparent Harvest Index for the isolines in 2005. The letters ‘C’ 
and ‘H’ associated with number of dominant alleles on the ‘X-axis’ denotes Clark and Harosoy 
backgrounds respectively. The bars represent standard error. 
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Figure 5.6: Bar chart showing grain yield of the isolines in 2005. The letters ‘C’ and ‘H’ 
associated with number of dominant alleles on the ‘X-axis’ denotes Clark and Harosoy 
backgrounds respectively. The bars represent standard error. 
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Figure 5.7: Bar chart showing mass/seed (mg/seed) for the isolines in 2004 (A) and 2005 (B). 
The letters ‘C’ and ‘H’ associated with number of dominant alleles on the ‘X-axis’ denotes Clark 
and Harosoy backgrounds respectively. The bars represent standard error. 
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Figure 5.8: Bar chart showing total number of seeds (in millions) for the isolines in 2004 (A) and 
2005 (B). The letters ‘C’ and ‘H’ associated with number of dominant alleles on the ‘X-axis’ 
denotes Clark and Harosoy backgrounds respectively. The bars represent standard error. 
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Figure 5.9: Bar chart showing number of nodes per plant for the isolines in 2004 (A) and 2005 
(B). The letters ‘C’ and ‘H’ associated with number of dominant alleles on the ‘X-axis’ denotes 
Clark and Harosoy backgrounds respectively. The bars represent standard error. 
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Figure 5.10: Bar chart showing number of pods per plant for the isolines in 2004 (A) and 2005 
(B). The letters ‘C’ and ‘H’ associated with number of dominant alleles on the ‘X-axis’ denotes 
Clark and Harosoy backgrounds respectively. The bars represent standard error. 
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Figure 5.11: Bar chart showing number of seeds per pod for the isolines in 2004 (A) and 2005 
(B). The letters ‘C’ and ‘H’ associated with number of dominant alleles on the ‘X-axis’ denotes 
Clark and Harosoy backgrounds respectively. The bars represent standard error. 
 103
Appendix 
RNA extraction 
Protocol from Susheng Gan (personal communication) and modified for our purposes 
 
1) nearly 0.3 gr leaf tissue ground in liquid N2; 
2) add to 5 ml EB (+100mM b-ME), vortex and homogenize; 
3) 0.5 ml 2M NaAcetate (pH 4.0) added, vortex; 
4) add 5 ml H2O-saturated phenol, invert tube few times; 
5) add 1 ml chloroform, vortex, invert tube; 
6) spin 10 min at 10,000x g (8,000 rpm, JS13.1 rotor), transfer aqueous phase; 
7) add equal vol. isopropanol, -20 C for >1hr; 
8) spin 10 min at 3,000x g (4,500 rpm JS13.1), discard supernatant; 
9) add 2 ml CES or TES to redissolve pellet; 
10) add 2 ml chloroform, vortex, invert tube; 
11) spin 10 min at 3,000x g, transfer aqueous to new tube; 
12) add 1/10 vol. 2 M NaAcetate (pH5.0), equal vol. isopropanol, pellet. 
13) dry the pellet on ice bucket before dissolving in Rnase free water and store at -800C 
 
 
EB (extraction buffer): in 100 ml in 300 ml 
4 M Guanidinium thiocyanate(MW 118.2) 47.28g 141.84g 
25 mM NaCitrate (pH7.0) (MW294.10) 3.33 ml of 0.75 M 10 ml of 0.75M 
0.5% Sarkosyl (N-Lauroylsarcosine, 293.4) 5 ml of 10% Soln 15 ml of 10% 
0.1 M b-ME  (in 5 ml EB, add 35 ml conc) 53.8 ml H2O 
2 M NaAcetate (pH 4.0) (MW 82.03) 
11.49 ml glacial Hac (17.4M)?70 ml H2O?titrate w/ NaOH to pH4.0?ddH2O to 100 ml. 
2 M NaAcetate (pH 5.0) (MW 82.03) [DEPC treated] 
11.49 ml glacial Hac (17.4M)?70 ml H2O?titrate w/ NaOH to pH5.0?ddH2O to 100 ml. 
H2O-saturated phenol (no buffer required) 
CES: 10 mM NaCitrate(pH7.0) for 100 ml: 1.333 ml 0.75 M NaCitrate (pH7.0) 
[DEPC] 1 mM EDTA (pH8.0) 200 ml 0.5 M EDTA 
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0.5% SDS 2 ml 25% SDS 
TES: 10 mM Tris (pH7.5), 1 mM EDTA (pH8.0), 0.5% SDS [DEPC] 
100 ml 0.75 M NaCitrate: 
15.761 g Citric acid(MW 210.14)?80 ml ddH2O?titrate w/ NaOH to pH7.0?ddH2O to 100ml 
60 ml 10% Sarkosyl (N-lauroylsarcosine, MW293.4): 6 g?60ml ddH2O?65C stir. 
 
 
References: [1] Chomczynski P. & N. Sacchi (1987) Analytical Biochem 162: 156-159. 
[2] Puissant C. & L-M Houdebine (1990) BioTechniques 8(2): 148-149. 
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Protocol: RNA Cleanup 
 
 
1. Adjust the sample to a volume of 100 μl with RNase-free water. Add 350 μl Buffer 
RLT, and mix well. 
2. Add 250 μl ethanol (96–100%) to the diluted RNA, and mix well by pipetting. Do 
not centrifuge. Proceed immediately to step 3. 
3. Transfer the sample (700 μl) to an RNeasy Mini spin column placed in a 2 ml 
collection tube. Close the lid gently, and centrifuge for 15 s at 8000 x g (10,000 rpm). Discard 
the flow-through. Reuse the collection tube in step 4. 
Note: After centrifugation, carefully remove the RNeasy spin column from the 
collection tube so that the column does not contact the flow-through. Be sure to 
empty the collection tube completely. 
Optional: If performing optional on-column DNase digestion follow steps D1–D4 (next page) 
after performing this step. 
4. Add 500 μl Buffer RPE to the RNeasy spin column. Close the lid gently, and centrifuge for 15 
s at 8000 x g (10,000 rpm) to wash the spin column membrane. Discard the flow-through. Reuse 
the collection tube in step 5. 
Note: Buffer RPE is supplied as a concentrate. Ensure that ethanol is added to 
Buffer RPE before use. 
5. Add 500 μl Buffer RPE to the RNeasy spin column. Close the lid gently, and 
centrifuge for 2 min at 8000 x g (10,000 rpm) to wash the spin column membrane. 
The long centrifugation dries the spin column membrane, ensuring that no ethanol 
is carried over during RNA elution. Residual ethanol may interfere with downstream reactions. 
Note: After centrifugation, carefully remove the RNeasy spin column from the 
collection tube so that the column does not contact the flow-through. Otherwise, 
carryover of ethanol will occur. 
6. Place the RNeasy spin column in a new 2 ml collection tube (supplied), and discard the old 
collection tube with the flow-through. Close the lid gently, and centrifuge at full speed for 1 min. 
Perform this step to eliminate any possible carryover of Buffer RPE, or if residual flow-through 
remains on the outside of the RNeasy spin column after step 5. 
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7. Place the RNeasy spin column in a new 1.5 ml collection tube. Add 30–50 μl RNase-free 
water directly to the spin column membrane. Close the lid gently, and centrifuge for 1 min at 
8000 x g (10,000 rpm) to elute the RNA. 
8. If the expected RNA yield is >30 μg, repeat step 7 using another 30–50 μl RNasefree 
water, or using the eluate from step 7 (if high RNA concentration is required). Reuse the 
collection tube from step 7. If using the eluate from step 7, the RNA yield will be 15–30% less 
than that obtained using a second volume of RNase-free water, but the final RNA concentration 
will be higher. 
 
On-Column DNase Digestion with the RNase-Free DNase Set 
 
Prepare and load samples onto the RNeasy spin column as indicated by the above protocol. 
Instead of performing the first wash step, follow steps D1–D4 below. 
D1. Add 350 μl Buffer RW1 to the RNeasy spin column. Close the lid gently, and centrifuge for 
15 s at 8000 x g (10,000 rpm) to wash the spin column membrane. Discard the flow-through. 
Reuse the collection tube in step D4. 
D2. Add 10 μl DNase I stock solution to 70 μl Buffer RDD. Mix by gently inverting the tube, 
and centrifuge briefly to collect residual liquid from the sides of the tube. 
Buffer RDD is supplied with the RNase-Free DNase Set. 
Note: DNase I is especially sensitive to physical denaturation. Mixing should only be carried out 
by gently inverting the tube. Do not vortex. 
D3. Add the DNase I incubation mix (80 μl) directly to the RNeasy spin column membrane, and 
place on the benchtop (20–30°C) for 15 min. 
Note: Be sure to add the DNase I incubation mix directly to the RNeasy spin column membrane. 
DNase digestion will be incomplete if part of the mix sticks to the walls or the O-ring of the spin 
column. 
D4. Add 350 μl Buffer RW1 to the RNeasy spin column. Close the lid gently, and 
centrifuge for 15 s at 8000 x g (10,000 rpm). Discard the flow-through. Continue with the first 
Buffer RPE wash step in the above protocol.
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Table A1: The360 transcripts that were differentially expressed in micro array analysis 
Gene ID Fold 
Index* 
(e1/E1) 
P-value Function or Similarity 
Gma.5516.1.S1_at                 7.1 0.0019  
GmaAffx.76797.1.S1_at         7.0 0.0004  
Gma.8130.1.S1_at                 6.4 0.0043 Malate synthase (MS) mRNA, 3' end. 
GmaAffx.36823.1.S1_at         5.4 0.0030  
GmaAffx.74798.1.S1_at         5.2 0.0091  
Gma.8069.1.A1_at                 5.2 0.0024 putative thioredoxin 
GmaAffx.48306.1.S1_at         4.8 0.0034  
GmaAffx.5264.1.S1_s_at       4.7 0.0015 Kunitz trypsin inhibitor 
Gma.3734.1.S1_at                 4.6 0.0013 serine-type endopeptidase inhibitor 
GmaAffx.82443.1.S1_at         4.6 0.0002  
Gma.3612.1.S1_s_at             4.4 0.0075 putative Bowman-Birk serine protease inhibitor 
Gma.8526.1.S1_at                 4.4 0.0084 carbonic anhydrase 
GmaAffx.8111.1.S1_at           4.2 0.0031  
GmaAffx.91656.1.S1_s_at     4.2 0.0005  
GmaAffx.90785.1.S1_s_at     3.9 0.0016 endomembrane system & unknown function 
Gma.10100.1.S1_at               3.9 0.0049 pathogenesis related 
GmaAffx.90752.1.S1_at         3.8 0.0029  
GmaAffx.41564.2.S1_s_at     3.8 0.0026  
GmaAffx.4552.1.S1_s_at       3.8 0.0023  
GmaAffx.15019.1.S1_at         3.7 0.0067  
GmaAffx.30652.1.S1_at         3.6 0.0040  
Gma.7437.1.S1_at                 3.6 0.0067  
GmaAffx.41564.1.S1_s_at     3.6 0.0017  
GmaAffx.46214.2.S1_s_at     3.6 0.0026  
GmaAffx.66765.1.S1_s_at     3.6 0.0007 epoxide hydrolase 
Psojae_rRNA_726_at            3.6 0.0017  
GmaAffx.92525.1.S1_s_at     3.6 0.0003  
GmaAffx.92038.1.S1_s_at     3.6 0.0014  
Gma.2821.1.S1_at                 3.6 0.0055 osmotin-like protein 
GmaAffx.66435.1.A1_at         3.5 0.0017  
Gma.15487.1.S1_at               3.5 0.0011 epoxide hydrolase 
GmaAffx.71944.2.S1_s_at     3.5 0.0041  
GmaAffx.6438.2.S1_at           3.5 0.0035  
GmaAffx.86247.1.S1_s_at     3.5 0.0041  
SAG21 (SENESCENCE-ASSOCIATED GENE 
21) Gma.9996.1.S1_at                 3.5 0.0090
GmaAffx.45393.1.S1_at         3.5 0.0026  
GmaAffx.92699.1.S1_s_at     3.5 0.0067 osmotin-like protein 
GmaAffx.74889.1.S1_at         3.5 0.0020  
Gma.1716.1.S1_at                 3.4 0.0060 LOC547714 (soybean nodule senescence) 
GmaAffx.93260.1.S1_at         3.4 0.0027  
Gma.7435.1.S1_at                 3.4 0.0001 transferase activity, transferring hexosyl groups 
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Gene ID Fold 
Index* 
(e1/E1) 
P-value Function or Similarity 
GmaAffx.91568.1.S1_s_at     3.4 0.0024 endomembrane system & unknown function 
Gma.3751.1.S1_at                 3.4 0.0011  
ATOMT1 (O-METHYLTRANSFERASE 1) 
[Arabidopsis thaliana]  GmaAffx.91504.1.A1_s_at     3.4 0.0044
1-aminocyclopropane-1-carboxylate oxidase 
activity Gma.3591.1.S1_x_at             3.4 0.0018
Gma.2821.2.S1_a_at             3.4 0.0055 osmotin-like protein 
PsAffx.psHB043xP12f_at       3.3 0.0042  
GmaAffx.5244.1.S1_at           3.3 0.0030  
GmaAffx.93545.1.S1_at         3.3 0.0019  
Gma.17733.1.S1_s_at           3.2 0.0006 putative peroxidase 
Gma.7250.1.S1_s_at             3.2 0.0037 myb-related protein 4 
GmaAffx.91782.1.S1_s_at     3.2 0.0001  
Gma.4755.1.S1_at                 3.2 0.0097  
GmaAffx.33923.1.S1_at         3.2 0.0008  
PsAffx.psHB025xO07f_s_at  3.2 0.0012  
GmaAffx.91782.1.S1_at         3.2 0.0005  
GmaAffx.672.1.A1_s_at         3.1 0.0016  
Gma.2821.2.S1_at                 3.1 0.0036 osmotin-like protein 
GmaAffx.27818.2.S1_at         3.1 0.0049  
GmaAffx.46129.1.S1_at         3.1 0.0054  
GmaAffx.64428.1.S1_s_at     3.0 0.0016  
GmaAffx.71944.1.S1_at         3.0 0.0027  
Gma.3888.3.S1_a_at             3.0 0.0079 MIOX2 (MYO-INOSITOL OXYGENASE 2) 
GmaAffx.68456.1.S1_at         3.0 0.0080  
GmaAffx.13864.1.S1_at         3.0 0.0026 nutrient reservoir 
Gma.18084.1.S1_at               3.0 0.0051 ATRBOHA; calcium ion binding / oxidoreductase 
GmaAffx.92383.1.S1_at         3.0 0.0033 myb-related protein 4 
GmaAffx.74523.1.S1_at         2.9 0.0027 nutrient reservoir 
DFR (DIHYDROFLAVONOL 4-REDUCTASE); 
dihydrokaempferol 4-reductase Gma.4437.1.S1_s_at             2.9 0.0013
Gma.14518.1.S1_at               2.9 0.0002  
GmaAffx.11897.1.S1_at         2.9 0.0013  
GmaAffx.93213.1.S1_at         2.9 0.0041  
GmaAffx.68456.2.S1_s_at     2.9 0.0055  
GmaAffx.36485.1.S1_at         2.8 0.0094  
GmaAffx.27565.1.S1_at         2.8 0.0053  
GmaAffx.92620.1.S1_s_at     2.8 0.0020 Putative cytochrome P450, clone CP4 
GmaAffx.6438.3.S1_s_at       2.8 0.0063  
GmaAffx.62257.1.S1_at         2.8 0.0026  
GmaAffx.78456.1.S1_at         2.8 0.0017  
GmaAffx.82647.1.S1_at         2.7 0.0003  
GmaAffx.18868.1.S1_s_at     2.7 0.0005  
Gma.17886.1.A1_at               2.7 0.0050
alcohol dehydrogenase activity oxidoreductase 
activity : metabolism  
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Gene ID Fold 
Index* 
(e1/E1) 
P-value Function or Similarity 
GmaAffx.36485.1.S1_x_at     2.7 0.0050  
GmaAffx.90811.1.S1_at         2.7 0.0035  
Gma.1608.1.A1_at                 2.7 0.0007  
Gma.1502.1.S1_at                 2.7 0.0053 glutathione S-transferase GST 14 
ATP binding / protein kinase/ protein 
serine/threonine kinase/ protein-tyrosine kinase GmaAffx.15130.1.A1_at         2.7 0.0030
Gma.153.1.S1_at                  2.7 0.0015 electron transport 
Gma.153.1.S1_x_at               2.7 0.0026 electron transport 
Gma.1502.2.S1_a_at             2.7 0.0056 glutathione S-transferase GST 14 
GmaAffx.93575.1.S1_s_at     2.7 0.0013  
oxidoreductase, acting on single donors with 
incorporation of molecular oxygen, incorporation 
of two atoms of oxygen / peroxidase GmaAffx.92894.1.S1_s_at     2.7 0.0022
GmaAffx.27818.1.A1_at         2.7 0.0050  
GmaAffx.91228.1.S1_at         2.7 0.0091  
GmaAffx.84194.1.S1_at         2.7 0.0093  
Gma.2961.1.S1_at                 2.7 0.0094 putative UDP-glucose glucosyltransferase1 
GmaAffx.87547.3.S1_at         2.6 0.0013  
GmaAffx.13535.1.S1_at         2.6 0.0025  
GmaAffx.46214.3.S1_at         2.6 0.0020  
GmaAffx.70056.1.S1_at         2.6 0.0046  
GmaAffx.92048.1.S1_at         2.6 0.0073 putative Bowman-Birk serine protease inhibitor 
Gma.8370.1.S1_at                 2.6 0.0037 catalytic/ protein phosphatase type 2C 
GmaAffx.36834.1.A1_at         2.6 0.0022  
GmaAffx.90835.1.S1_at         2.6 0.0003  
GmaAffx.6438.7.S1_at           2.6 0.0047  
GmaAffx.92099.1.S1_at         2.6 0.0042  
GmaAffx.68456.3.S1_at         2.6 0.0007  
Gma.1502.2.S1_x_at             2.6 0.0025 glutathione S-transferase GST 14 
GmaAffx.82595.2.S1_at         2.5 0.0074  
GmaAffx.30562.1.S1_at         2.5 0.0054  
GmaAffx.45318.1.S1_at         2.5 0.0039  
Gma.3285.1.S1_at                 2.5 0.0029  
Gma.6192.1.S1_s_at             2.5 0.0015 hydrolase, hydrolyzing O-glycosyl compounds 
GmaAffx.91768.1.S1_s_at     2.5 0.0080 WRKY40; transcription factor 
Gma.17446.1.A1_at               2.5 0.0008 LRP1 (LATERAL ROOT PRIMORDIUM 1) 
GmaAffx.82592.1.S1_s_at     2.5 0.0043  
GmaAffx.15192.1.S1_at         2.5 0.0014  
GmaAffx.65661.1.S1_at         2.5 0.0007  
Gma.3364.1.S1_at                 2.5 0.0047  
Gma.17739.1.S1_at               2.5 0.0073  
GmaAffx.92792.1.S1_s_at     2.5 0.0044  
GmaAffx.92998.1.S1_s_at     2.5 0.0018  
GmaAffx.32161.1.S1_at         2.5 0.0090  
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Gene ID Fold 
Index* 
(e1/E1) 
P-value Function or Similarity 
GmaAffx.42417.1.S1_at         2.5 0.0004  
Psojae_rRNA_852_at            2.5 0.0013  
GmaAffx.36485.1.S1_s_at     2.5 0.0068  
GmaAffx.90600.1.S1_at         2.5 0.0006 hydrolase, hydrolyzing O-glycosyl compounds 
GmaAffx.41030.1.S1_at         2.4 0.0002  
GmaAffx.63385.1.S1_s_at     2.4 0.0039  
GmaAffx.37574.1.S1_s_at     2.4 0.0011  
Gma.2773.2.S1_at                 2.4 0.0037 endomembrane system & unknown function 
GmaAffx.63838.1.S1_at         2.4 0.0047  
Gma.17686.1.S1_at               2.4 0.0003  
CYP81D2; heme binding / iron ion binding / 
monooxygenase/ oxygen binding Gma.16709.2.S1_s_at           2.4 0.0059
Gma.4300.1.S1_at                 2.4 0.0076 Chalcone synthase 
GmaAffx.92650.1.S1_at         2.4 0.0005  
GmaAffx.56436.1.S1_s_at     2.4 0.0028 electron carrier 
GmaAffx.40077.1.A1_at         2.4 0.0046  
GmaAffx.92964.1.S1_at         2.4 0.0054 MYB62; DNA binding / transcription factor 
GmaAffx.90306.1.S1_at         2.4 0.0023 electron carrier 
GmaAffx.83910.1.S1_at         2.3 0.0009  
GmaAffx.81798.1.S1_at         2.3 0.0055  
GmaAffx.13228.1.S1_at         2.3 0.0023  
Gma.3260.1.S1_at                 2.3 0.0013  
CYP71B34; heme binding / iron ion binding / 
monooxygenase/ oxygen binding Gma.6137.1.A1_at                 2.3 0.0065
GmaAffx.82748.1.S1_s_at     2.3 0.0016  
Gma.6636.1.S1_a_at             2.3 0.0068  
Gma.4300.3.S1_s_at             2.3 0.0051  
GmaAffx.82051.1.S1_at         2.3 0.0019  
GmaAffx.2743.1.S1_s_at       2.3 0.0085  
UDP-glucosyltransferase/ UDP-
glycosyltransferase/ transferase, transferring 
glycosyl groups Gma.5148.1.A1_s_at             2.3 0.0019
GmaAffx.93428.1.S1_s_at     2.3 0.0023  
GmaAffx.93509.1.S1_s_at     2.3 0.0069 ANAC019; transcription factor 
PsAffx.CL356Contig1_at        2.3 0.0054  
Gma.10131.1.A1_at               2.3 0.0063  
Gma.4300.3.S1_x_at             2.3 0.0048 Chalcone synthase 
Gma.5091.1.S1_at                 2.3 0.0099 copper ion binding 
GmaAffx.57085.1.S1_at         2.3 0.0082  
GmaAffx.40255.1.A1_at         2.3 0.0078  
GmaAffx.73525.2.A1_at         2.2 0.0036  
GmaAffx.71596.1.S1_at         2.2 0.0073  
Gma.8331.1.S1_at                 2.2 0.0009 aldehyde dehydrogenase 
GmaAffx.18441.1.S1_at         2.2 0.0034  
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Gene ID Fold 
Index* 
(e1/E1) 
P-value Function or Similarity 
GmaAffx.18441.2.S1_at         2.2 0.0023  
GmaAffx.92305.1.S1_s_at     2.2 0.0040  
GmaAffx.2743.1.S1_at           2.2 0.0032  
PsAffx.psHB044xM02f_at      2.2 0.0057  
GmaAffx.24108.1.S1_at         2.2 0.0044  
Gma.4300.1.S1_s_at             2.2 0.0064 Chalcone synthase 
GmaAffx.5978.1.S1_at           2.2 0.0061  
GmaAffx.92828.1.S1_at         2.2 0.0012 Sucrose synthase (SS) 
GmaAffx.89992.1.S1_at         2.2 0.0001  
GmaAffx.37859.1.S1_at         2.2 0.0041  
GmaAffx.91299.1.S1_s_at     2.2 0.0069  
GmaAffx.93529.1.S1_s_at     2.2 0.0067 copper ion binding 
GmaAffx.90234.1.S1_at         2.2 0.0062  
GmaAffx.69410.1.S1_at         2.2 0.0069  
GmaAffx.91351.1.S1_at         2.2 0.0074  
Gma.17874.1.A1_at               2.2 0.0088 regulation of transcription 
GmaAffx.92719.1.S1_s_at     2.1 0.0085  
Gma.8475.1.S1_a_at             2.1 0.0015 nitrate transporter NRT1-1 
GmaAffx.83888.1.S1_at         2.1 0.0052  
GmaAffx.51374.1.S1_at         2.1 0.0087  
Gma.17349.1.S1_at               2.1 0.0062  
Gma.6636.1.S1_at                 2.1 0.0025  
GmaAffx.87405.1.S1_at         2.1 0.0041  
Gma.17882.1.S1_at               2.1 0.0019  
Gma.3831.1.S1_at                 2.1 0.0035  
GmaAffx.91114.1.S1_s_at     2.1 0.0032  
GmaAffx.92458.1.S1_at         2.1 0.0011  
ERD1 (EARLY RESPONSIVE TO 
DEHYDRATION 1); ATP binding / ATPase/ 
nucleoside-triphosphatase/ nucleotide binding / 
protein binding Gma.8338.1.S1_at                 2.1 0.0090
GmaAffx.666.1.S1_at             2.1 0.0012  
GmaAffx.73388.1.A1_at         2.1 0.0054  
Gma.6192.1.S1_at                 2.0 0.0091 hydrolase, hydrolyzing O-glycosyl compounds 
Gma.2577.2.S1_at                 2.0 0.0002  
GmaAffx.33258.1.S1_at         2.0 0.0037  
GmaAffx.88182.1.S1_at         2.0 0.0020  
Gma.10523.1.A1_at               2.0 0.0029  
GmaAffx.91156.1.S1_x_at     2.0 0.0055  
GmaAffx.71770.1.S1_at         -2.0 0.0057  
GmaAffx.2831.1.S1_at           -2.0 0.0021  
Gma.15830.1.S1_at               -2.0 0.0079 plastoquinol-plastocyanin reductase 
Gma.3326.1.S1_at                 -2.0 0.0001  
GmaAffx.86005.1.S1_at         -2.0 0.0027  
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Index* 
(e1/E1) 
P-value Function or Similarity 
NP_188894: senescence-associated protein-
related, similar to senescence-associated protein 
SAG102 (GI:22331931) (Arabidopsis thaliana) Gma.17567.1.A1_at               -2.0 0.0023
GmaAffx.24471.1.A1_at         -2.0 0.0009  
PsAffx.C303000005_s_at      -2.0 0.0079  
calcium ion binding / calcium-dependent 
phospholipid binding Gma.3440.2.S1_at                 -2.1 0.0025
GmaAffx.21691.1.A1_at         -2.1 0.0025  
Gma.2801.1.S1_at                 -2.1 0.0096 hydrolase, hydrolyzing O-glycosyl compounds 
FK506 binding / peptidyl-prolyl cis-trans 
isomerase Gma.13419.1.A1_at               -2.1 0.0095
Gma.5666.1.A1_at                 -2.1 0.0043 structural constituent of cytoskeleton 
putative photosystem II core complex proteins 
psbY, chloroplast precursor (L-arginine 
metabolising enzyme) (L-AME) Gma.12488.1.S1_at               -2.1 0.0072
GmaAffx.79075.1.S1_at         -2.1 0.0066  
GmaAffx.63519.1.S1_at         -2.1 0.0017  
GmaAffx.65841.1.A1_at         -2.1 0.0029  
GmaAffx.56061.1.S1_at         -2.1 0.0026  
Gma.8872.1.A1_at                 -2.1 0.0047 calmodulin binding 
Gma.3233.1.S1_s_at             -2.1 0.0056 Iron superoxide dismutase 
GmaAffx.30801.1.S1_at         -2.2 0.0067  
Gma.677.1.S1_at                  -2.2 0.0017  
GmaAffx.26983.4.S1_at         -2.2 0.0004  
Gma.15760.1.S1_at               -2.2 0.0008 DNA binding 
CYCD1;1; cyclin-dependent protein kinase 
regulator Gma.1368.1.S1_at                 -2.2 0.0036
Gma.11336.1.S1_at               -2.2 0.0020 similar to thaumatin-like protein 
GmaAffx.47486.1.S1_s_at     -2.2 0.0096  
ATEXPA10 (ARABIDOPSIS THALIANA 
EXPANSIN A10):structural constituent of cell 
wall  Gma.13110.1.S1_at               -2.2 0.0057
GmaAffx.1849.1.S1_at           -2.2 0.0033  
GmaAffx.77562.1.S1_at         -2.2 0.0026  
electron transporter/ thiol-disulfide exchange 
intermediate Gma.3776.1.S1_at                 -2.2 0.0013
GmaAffx.73002.1.S1_at         -2.2 0.0038  
GmaAffx.13670.1.S1_at         -2.2 0.0019  
Gma.12484.1.A1_at               -2.2 0.0008  
GmaAffx.48719.1.A1_at         -2.2 0.0008  
GmaAffx.32326.1.S1_at         -2.3 0.0087  
Gma.8468.1.S1_at                 -2.3 0.0075 Receptor-like protein kinase 3 (RLK3) 
GmaAffx.17281.1.A1_at         -2.3 0.0029  
LHCA2; chlorophyll binding : photosynthesis, 
light harvesting in photosystem I     Gma.13823.1.A1_at               -2.3 0.0075
GmaAffx.68453.1.S1_at         -2.3 0.0053  
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(e1/E1) 
P-value Function or Similarity 
Gma.2227.1.S1_at                 -2.3 0.0080  
Gma.12964.1.A1_at               -2.3 0.0006 NTL1; calcium ion binding / transporter 
Gma.1514.1.S1_s_at             -2.3 0.0022 cytokinin receptor activity 
Gma.15939.1.S1_at               -2.3 0.0054 DNA binding / transcription factor 
Gma.4215.1.S1_at                 -2.3 0.0020  
Gma.4.1.S1_at                    -2.3 0.0006 Glutamine synthetase 
S-adenosylmethionine-dependent 
methyltransferase activity Gma.15115.1.A1_at               -2.3 0.0073
Gma.4978.1.S1_at                 -2.3 0.0086 metal ion binding 
GmaAffx.9182.1.S1_at           -2.3 0.0048  
GmaAffx.61505.1.A1_at         -2.3 0.0073  
Gma.9444.1.S1_at                 -2.3 0.0044  
Gma.2224.2.A1_s_at             -2.3 0.0026  
calcium ion binding : photosynthesis, light 
reaction  Gma.15000.1.S1_at               -2.4 0.0050
GmaAffx.79516.1.A1_at         -2.4 0.0032  
nucleic acid binding / transcription factor/ zinc ion 
binding Gma.5977.1.S1_at                 -2.4 0.0029
Gma.6822.2.A1_at                 -2.4 0.0003 secretory pathway 
GmaAffx.35168.1.S1_at         -2.4 0.0065  
CA1 (CARBONIC ANHYDRASE 1); carbonate 
dehydratase/ zinc ion binding Gma.5218.1.A1_at                 -2.4 0.0029
Gma.6462.2.S1_a_at             -2.4 0.0098  
RDR1 (RNA-DEPENDENT RNA POLYMERASE 
1); RNA-directed RNA polymerase/ nucleic acid 
binding Gma.8095.1.A1_at                 -2.4 0.0019
GmaAffx.8550.1.S1_at           -2.4 0.0058  
GmaAffx.11213.1.A1_at         -2.4 0.0019  
LHCA2; chlorophyll binding : photosynthesis, 
light harvesting in photosystem I     Gma.13823.2.A1_s_at           -2.4 0.0053
Gma.16074.1.A1_at               -2.4 0.0053  
GmaAffx.31311.1.S1_at         -2.4 0.0004  
Gma.17575.1.S1_at               -2.4 0.0084 transferase 
electron carrier/ electron transporter/ iron ion 
binding Gma.13130.3.A1_at               -2.4 0.0050
GmaAffx.82096.1.S1_at         -2.4 0.0041  
GmaAffx.26457.1.S1_at         -2.5 0.0036  
Gma.11269.1.S1_at               -2.5 0.0065 lipid binding 
PsAffx.C22000079_at            -2.5 0.0048  
Gma.56.1.S1_at                   -2.5 0.0037 Phosphoenolpyruvate carboxylase kinase 
GmaAffx.47147.1.A1_at         -2.5 0.0011  
GmaAffx.7838.3.S1_at           -2.5 0.0037  
GmaAffx.78539.1.S1_at         -2.5 0.0035  
GmaAffx.57283.1.S1_at         -2.5 0.0059  
Gma.13710.1.A1_at               -2.6 0.0001 catalytic activity 
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GmaAffx.21931.1.A1_at         -2.6 0.0029  
GmaAffx.37066.1.S1_at         -2.6 0.0059  
Gma.9650.1.S1_at                 -2.6 0.0015  
GmaAffx.82218.1.S1_at         -2.6 0.0078  
ATP binding / kinase/ protein kinase/ protein 
serine/threonine kinase/ protein-tyrosine kinase Gma.13090.1.S1_at               -2.6 0.0013
Gma.1951.1.S1_at                 -2.6 0.0084 SCPL51; catalytic/ serine carboxypeptidase 
Gma.13161.1.S1_at               -2.7 0.0090  
Gma.2759.1.S1_at                 -2.7 0.0087 alpha-mannosidase 
GmaAffx.36998.1.S1_s_at     -2.7 0.0073  
Gma.13380.1.A1_s_at           -2.7 0.0045  
Gma.15710.1.S1_at               -2.7 0.0061  
arsenate reductase (glutaredoxin)/ electron 
transporter/ thiol-disulfide exchange intermediate Gma.3594.2.S1_a_at             -2.7 0.0079
GmaAffx.29586.1.A1_at         -2.7 0.0016  
Gma.13161.2.A1_at               -2.8 0.0091  
GmaAffx.1061.1.S1_at           -2.8 0.0031  
ATOMT1 (O-METHYLTRANSFERASE 1) 
[Arabidopsis thaliana]  Gma.10820.1.S1_at               -2.8 0.0026
heat shock protein binding / unfolded protein 
binding Gma.13375.1.A1_s_at           -2.8 0.0025
Gma.14318.1.S1_at               -2.8 0.0071  
GmaAffx.87862.1.S1_at         -2.8 0.0082  
Gma.5294.1.S1_at                 -2.8 0.0092  
heat shock protein binding / unfolded protein 
binding Gma.12660.1.A1_at               -2.8 0.0040
Gma.16385.1.A1_at               -2.8 0.0090  
GmaAffx.78787.1.S1_at         -2.9 0.0013  
Gma.15643.2.A1_a_at           -2.9 0.0002 DNA binding / transcription factor 
ACTIN 1:structural constituent of cytoskeleton 
[Arabidopsis thaliana] Gma.1277.3.A1_s_at             -2.9 0.0061
GmaAffx.52494.1.S1_at         -3.0 0.0091  
GmaAffx.84604.1.S1_at         -3.0 0.0006  
Gma.15643.1.A1_x_at           -3.0 0.0002 DNA binding / transcription factor 
GmaAffx.74878.1.S1_at         -3.0 0.0014  
GmaAffx.37583.1.S1_at         -3.0 0.0044 DNA binding / transcription factor 
Gma.1319.1.S1_at                 -3.1 0.0094  
Gma.15643.1.A1_a_at           -3.1 0.0002 DNA binding / transcription factor 
GmaAffx.73714.1.S1_at         -3.1 0.0043  
GmaAffx.70542.1.A1_at         -3.1 0.0017  
Gma.12394.1.S1_at               -3.1 0.0085  
GmaAffx.93221.1.S1_s_at     -3.2 0.0057  
Gma.12811.1.A1_at               -3.2 0.0014 transcription factor 
Gma.7837.1.A1_at                 -3.2 0.0052  
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oxidoreductase, acting on single donors with 
incorporation of molecular oxygen, incorporation 
of two atoms of oxygen / peroxidase Gma.12863.2.A1_at               -3.2 0.0064
(S)-coclaurine-N-methyltransferase/ S-
adenosylmethionine-dependent 
methyltransferase/ cyclopropane-fatty-acyl-
phospholipid synthase Gma.13086.1.S1_at               -3.2 0.0042
GmaAffx.36309.1.S1_at         -3.3 0.0042 putative pathogenesis-related protein 
GmaAffx.18508.1.S1_at         -3.3 0.0011  
GmaAffx.78601.1.S1_s_at     -3.3 0.0088  
Gma.6638.2.S1_a_at             -3.3 0.0091  
GmaAffx.67694.1.S1_at         -3.3 0.0094  
carboxylic ester hydrolase/ hydrolase, acting on 
ester bonds / lipase GmaAffx.77190.1.S1_at         -3.3 0.0074
unknown protein & NP_564589: photosystem II 5 
kD protein Gma.12032.1.S1_at               -3.3 0.0099
GmaAffx.31311.2.S1_at         -3.3 0.0002  
Gma.12832.1.A1_at               -3.3 0.0039 microtubule motor 
ARPN (PLANTACYANIN); copper ion binding / 
electron transporter Gma.3969.1.S1_s_at             -3.4 0.0076
GmaAffx.34013.1.A1_at         -3.4 0.0012  
Gma.4340.2.S1_a_at             -3.4 0.0024  
Gma.5757.1.S1_at                 -3.5 0.0037  
GmaAffx.34657.1.A1_s_at     -3.5 0.0019  
Gma.4479.1.S1_at                 -3.5 0.0068 lipid binding 
GmaAffx.6571.1.S1_at           -3.9 0.0014  
Gma.5294.1.S1_s_at             -3.9 0.0059  
Gma.17537.1.S1_at               -3.9 0.0053  
Gma.2414.1.S1_at                 -3.9 0.0084 subtilisin activity 
Gma.15564.2.S1_x_at           -4.0 0.0031 myo-inositol biosynthesis phospholipid biosynthesis 
GmaAffx.277.1.S1_at             -4.0 0.0050  
GmaAffx.23295.1.S1_at         -4.0 0.0082  
Gma.13542.1.A1_at               -4.0 0.0065  
Cytochrome P450 monooxygenaseCYP93D1 
(CYP93E1) Gma.5510.2.S1_s_at             -4.1 0.0075
Gma.2590.1.A1_s_at             -4.3 0.0053 auxin down regulated 
Gma.2292.2.S1_at                 -4.3 0.0054 putative epimerase/dehydratase 
Cytochrome P450 monooxygenaseCYP93D1 
(CYP93E1) Gma.5510.1.S1_s_at             -4.3 0.0078
Cytochrome P450 monooxygenaseCYP93D1 
(CYP93E1) Gma.5510.1.S1_at                 -4.3 0.0075
GmaAffx.41840.1.A1_s_at     -4.3 0.0085  
GmaAffx.38010.1.S1_s_at     -4.6 0.0074  
Gma.3304.1.S1_at                 -4.7 0.0028 lipid binding 
Gma.8520.1.S1_at                 -4.7 0.0099 acid phosphatase 
Gma.10689.1.S1_at               -5.0 0.0018  
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Gma.17840.1.S1_at               -5.0 0.0042  
Gma.1327.2.S1_s_at             -5.2 0.0048 dehydration-responsive protein (RD22), 
GmaAffx.4895.1.S1_at           -5.2 0.0034  
GmaAffx.89772.6.S1_s_at     -5.2 0.0025 acid phosphatase activity, nutrient reservoir activity 
GmaAffx.26533.1.A1_s_at     -5.3 0.0053  
Gma.5793.1.S1_s_at             -5.4 0.0083 28 kDa protein 
GmaAffx.93650.1.S1_x_at     -5.8 0.0006  
Gma.2019.1.S1_at                 -5.8 0.0039   lipoxygenase 
GmaAffx.93650.1.S1_s_at     -5.8 0.0039  
GmaAffx.89772.6.A1_s_at     -5.8 0.0074 28 kDa protein 
Gma.4462.1.S1_at                 -5.9 0.0076  
ATEXPA4 (ARABIDOPSIS THALIANA 
EXPANSIN A4) Gma.14976.2.S1_at               -6.6 0.0033
GmaAffx.93655.1.S1_s_at     -6.6 0.0004  
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A) B)
 
 
 
Figure A1: Photographs taken on August 31, 2004 of the NILs planted at different times to 
obtain synchronous flowering and subjected to either A) ambient or B) ambient plus 3hr. 
incandescent day length extension post-flowering. 
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